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Pulsed Laser Deposition of Bismuth Telluride
Compounds for Human Body Energy Scavengers
ABSTRACT
The world wide research interest in Bismuth Telluride thin films is due to the
fact that they are the most commonly efficient thermoelectric materials at
temperatures as low as room temperature, which is typically suitable for
implementing such thin films through the fabrication of miniaturized thermoelectric
generators and human body energy scavengers. This work aims to characterize
various Bismuth Telluride -based thin films deposited by Pulsed Laser Deposition
technique in order to optimize their thermoelectric performance represented in their
thermoelectric figures of merit. This has been achieved by investigating the electrical
and thermoelectric properties of the deposited thin films as well as studying the
structural properties of such thin films that is necessary for future micromachining
and fabrication of energy scavengers; the results of this effort are really promising.
The first chapter is an introductory overview concerning thermoelectric effects and
thermoelectric generators. The second chapter deals with the different deposition
techniques and the reasoning behind the employment of PLD to deposit Bismuth
Telluride thin films. The third chapter includes some of Bismuth Telluride chemical
and physical properties in addition to a literature survey of what other groups have
already achieved concerning this material. The fourth chapter covers all the
experiments and includes the results of this work. Finally, the fifth chapter includes
the summary, conclusion and recommendation for future progress in this topic.
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CHAPTER ONE
OVERVIEW OF THERMOELECTRIC GENERATORS
1.1 INTRODUCTION
This chapter gives an overview of thermoelectric devices, with a special focus
on thermoelectric generators. The operation of such generators is based on a physical
property of materials called “thermoelectricity”. This property refers to a class of
phenomena in which a temperature gradient generates an electric potential difference
or an electric potential gradient generates a temperature difference. Such phenomena
are commonly perceived as thermoelectric effects that can be used to generate
electricity, measure temperature, or cool/heat an object depending on the sign of the
applied voltage, which in turn enables thermoelectric devices to contribute to the
realization

of

accurate

temperature

controllers.

Generically,

the

term

“thermoelectricity” includes all heat engines that are used to generate electricity and
all electrically powered heating/cooling devices. The common interest in such
devices, and accordingly, thermoelectric materials, is due to the fact that these devices
have a wide variety of applications in many disciplines. This includes, but is not
limited to, integrated on-chip coolers, radiation detectors coolers, space navigational
systems, terrestrial navigational aids, communication systems, planetary landers, subsea operations, weather stations, etc.

1.2 THERMOELECTRICITY
The discovery of thermoelectricity dates back to the observation of an
Estonian-Swedish physicist Thomas Johann Seebeck (1770-1831) that a compass
needle would be deflected when a closed loop was formed of two dissimilar metals
joined in two points having a temperature difference. This is due to the fact that
1

dissimilar metals respond differently to the temperature difference, and hence, creates
a current loop. This in turn produces a magnetic field. At this time, T. J. Seebeck did
not recognize that there was an electric current flowing in the loop due to a generated
electro-motive force (EMF). Accordingly, he decided to call the phenomenon
“thermo-magnetic effect”. He thought that the two metals became magnetically
polarized by the temperature gradient. It was until the Danish physicist Hans Christian
Orsted explained what is now perceived as the thermoelectric effect. In general,
thermoelectricity encompasses three separately defined effects, namely, Seebeck
effect (1821), Peltier effect (1834), and Thomson effect (1851). Thermoelectric
cooling, heating and generation are mainly based on Peltier and Seebeck effects and
each of them is the inverse of the other. This is the reason why the thermoelectric
effect may sometimes be called the Seebeck-Peltier effect. Such historical separation
emerges from the independent discoveries of the French physicist Jean Charles Peltier
and T.J. Seebeck. It is worth mentioning that the Joule heating is different from these
two effects, due to the fact that heat is generated whenever a voltage is applied to, or a
current flows in, an electrically resistive material without the need for a junction of
two dissimilar materials. Joule heating can be perceived as if it is somewhat related to
Seebeck-Peltier effect. However, it is not known as a thermoelectric effect and it is
usually considered a loss mechanism or even a non-ideality in the design of any
thermoelectric device. Moreover, Peltier, Seebeck and Thomson effects are
theoretically reversible and obey the laws of thermodynamics while Joule heating is
not.

2

1.2.1. SEEBECK EFFECT
It is clear from the above that Seebeck effect describes the conversion of
temperature difference directly into electric potential difference. An induced EMF is
created in the presence of a temperature difference between two junctions of two
different metals or semiconductors. This results in a direct current that flows if there
is a closed path as demonstrated in Fig. 1.1. The resultant EMF is of the order of tens
or sometimes hundreds of Volts per degree of temperature difference. Each of the
two conductors has its characteristic Seebeck coefficient, which represents the
magnitude of the induced EMF for one degree Kelvin of temperature difference.
Seebeck coefficients are temperature dependent [1-5], and this dependency is
typically non-linear. As a result, the voltage developed in the circuit in Fig. 1.1 is
analytically the integration of the difference between SA and SB over the temperature
range from T1 to T2, where SA and SB are the Seebeck coefficients of the two dissimilar
materials A and B, respectively, and T1 and T2 represent the cold and hot junction
temperatures. In general, the Seebeck coefficient of any material depends mainly on
its absolute temperature and molecular structure.

Figure 1.1: Illustrative diagram demonstrating how the Seebeck voltage is created
between hot and cold junctions, where A and B are two dissimilar conductors
If Seebeck coefficients are assumed to be constant for a small temperature
range, which is typically a valid assumption, the induced EMF reduces to the product
3

of the difference between the two Seebeck coefficients and the hot and cold junction
temperatures [2, 6]. In fact, a thermoelectric EMF that is in the range of hundreds of
μVolts per Kelvin, whether it is negative or positive, is a typical value of an efficient
thermoelectric material. In general, when there is a temperature gradient across the
material, Seebeck coefficient can be also written as the ratio of the electric field
vector divided by the temperature gradient [3, 4]. Seebeck effect is the key behind the
invention of thermocouples, which are built by creating junctions of two different
conductors, or more precisely, metals. Such thermocouples are practically used to
measure and to control temperatures or temperature differences. When there are many
identical thermocouples connected in series, this ensemble of thermocouples is called
a thermopile. This is sometimes constructed in order to increase the output voltage
since the EMF per thermocouple is small. Such thermopiles are the key behind the
operation of thermal diodes and thermoelectric generators (TEG) that are commonly
used to generate electrical power from temperature gradients [1, 6-9]. These
thermoelectric devices, or thermoelectric generators, are typically employed in space
power sources for satellites and planetary landers [10] and in medical applications
attached to human body such as pace-makers and blood pressure sensors [11, 12].
Seebeck effect is actually the result of two coupled actions, or phenomena,
which are the charge carrier diffusion and phonon drag [13]. If the two junctions are
held at the same temperature, but one of the two junctions is periodically opened and
closed, this will generate an AC voltage, which is also a temperature dependent
voltage. This means that there is a Seebeck coefficient, or a thermopower. This
application is the well known “Kelvin probe”, which is sometimes used to argue that
the physics behind Seebeck effect just needs one junction [13]. Furthermore, this
effect is noticeable if the two wires of different materials forming the junction come

4

close to each other, i.e. there is no charge carrier diffusion. The term “thermo-power”
is a deceiving term for the fact that this term describes the voltage induced in a direct
response to a temperature gradient or difference, but it does not measure the electric
power. It is well known that any temperature difference across a material causes
charge carriers in this material, whether electrons or holes are concerned, to diffuse
from the hot end to the cold one. This is similar to any classical gas expanding upon
being heated. Consequently, the mobile charge carriers that migrate to the cold end
leave behind their oppositely charged and immobile nuclei at the hot end (the system
was at equilibrium before applying the temperature gradient across it, and this implies
that there was no net charge inside this material). This results in building up of an
induced thermoelectric EMF or an induced electrostatic field. When the material
reaches a thermodynamic equilibrium, heat is distributed uniformly throughout the
material, and the transfer of heat (by means of hot charge carriers) from one end to the
other is achieved through a heat current. However, the movement of charge carriers
represents an electrical current, so there are two concurrent currents, the electrical
current and heat transfer current, and they are both due to the movement of charge
carriers. Therefore, in any material, with its ends kept at a constant temperature
relative to each other, i.e. with a constant heat current flowing between the two ends,
there is a constant thermal diffusion of charge carriers. If the rates of diffusion of hot
and cold carriers in opposite directions are equal, there would be no net change in
charge. On the other hand, the diffusing charge carriers are unequally scattered by the
material’s impurities, imperfections, and also its lattice vibrations, which are
quantized in the so called “phonons”. In addition, the scattering is generally energy
dependent, so hot and cold carriers would diffuse at two dissimilar rates. As a result,
this dissimilar diffusion mechanism leads to building up a higher density of carriers at
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one end of the material, which also results in an electric field or a potential difference
between the two ends. However, this electrostatic field opposes the dissimilar
carriers’ scattering. Equilibrium is then reached when the rate of diffusion of charge
carriers in one direction cancels the rate of diffusion of charge carriers moving in the
opposite direction from the electrostatic field mentioned above. This is called the
“stopping” field. The preceding lines imply that Seebeck coefficient of a material on
vehemently depends on its impurities, imperfections, and structural changes. It is
worth noting that the thermo-power of a material is inherently a combination of
various coupled effects. At this point it is interesting to mention that any increase or
decrease in the applied temperature difference changes the buildup status of charge
carriers on the cold end, which is due to the fact that it stimulates the system or the
material of concern away from the equilibrium state. Such change leads to an increase
or a decrease in the induced thermoelectric EMF. In other words, Seebeck coefficient
can be viewed as a measure of the entropy per charge carrier in a material, which
helps understand why a superconductor has zero thermo-power. In any
superconducting material, the charge carriers produce no entropy; thus there is no
Seebeck coefficient to measure. Accordingly, their Seebeck coefficients are
essentially zero. Interestingly to know that this allows measuring the absolute thermopower of any other material of interest due to that practically, one does not measure
the Seebeck coefficient of a single material. In fact the voltmeter electrodes must be
placed onto the material in order to measure the thermoelectrically induced EMF, so
the temperature gradient induces another thermoelectric EMF across the electrode that
is connected to the hot end of the material of concern. As a result, the measured
Seebeck coefficient is a combination of those of the material of interest and that of the
measuring electrodes. It should be noted that the two dissimilar materials create a
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junction and that Seebeck coefficient is to be measured differentially. This is in
agreement with the fact that the thermo-power is a measure of entropy of charge
carriers in the material of concern, and by employing superconductor as described
above, the effective, or the net thermo-power, of the entire thermocouple formed is
equal to that of the material under consideration.
As mentioned previously, the thermo-power of a material depends on the
absolute temperature of the material and its crystal structure. As a result, metals have
small thermo-powers. Actually, they mostly have half-filled energy bands. Both
electrons (which represent the negative mobile charge carriers) and holes (which
represent the positive charge carriers) contribute to the thermoelectrically induced
EMF. Consequently, they cancel each other's contribution to that EMF and make it
relatively very small as compared to that of a semiconductor, which can be doped
with an excessive amount of electrons or holes. Hence, a semiconductor can have a
large positive or negative values of the thermo-power which depends on the charge of
the excess carriers, i.e. whether the majority of dopants are acceptors or donors. The
sign of the thermo-power can determine which charge carriers dominate the transport
mechanism in a material whether it is a metal or a semiconductor.

1.3 OVERVIEW OF THERMOELECTRIC MATERIALS
In 1909, Altenkirch have showed that an efficient thermoelectric material
should possess high Seebeck coefficient, high electrical conductivity and low thermal
conductivity [14, 15]. High electrical conductivity is certainly necessary to minimize
Joule heating or losses, and low thermal conductivity is essential for sustaining the
largest possible temperature difference between the hot and cold junctions. In general,
the performance of any thermoelectric generator is measured in terms of the
thermoelectric figure of merit

, where P is the power factor and is the
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thermal conductivity. It is also common to express the figure of merit as the
dimensionless product ZT by multiplying it simply by the average of the temperatures
T1 and T2 of the hot and cold junctions. The value of the figure of merit ZT is actually
a measure of the efficiency of the thermoelectric device, since by adopting this figure
of merit; the corresponding output EMF, or power, is normalized to the material’s
thermal conductivity and electrical conductivity. It is worth mentioning that the power
factor is equivalent to the value of the maximum power transfer in a load with the
same value of conductivity. In different wording, ZT is a convenient and efficient way
for comparing or benchmarking the thermoelectric efficiency of two or more devices
constructed of different materials [1, 2, 6, 7, 9, 14-20]. Furthermore, for
thermoelectric coolers, the coefficient of performance (COP), which is proportional to
the square root of (1+ZT), is sometimes used instead of ZT as the benchmark [2, 21].
A unity ZT is an indication of a good thermoelectric material that is suitable for
instance for the fabrication of low temperature heat converter. Whereas, values of at
least 3 to 4 are fair enough for a thermoelectric generator and/or cooler to compete
with their mechanical counterpart. It is worth mentioning that the best reported ZT
values up until now are between 2 and 3 [1].
According to Fig. 1.2, thermoelectric materials can be generally insulators,
metals, semi-metals and semiconductors. Insulators have very large Seebeck
coefficients coupled with very low electrical conductivities and low to moderate
thermal conductivities. On the other hand, metals have very low Seebeck coefficients
coupled with high electrical and thermal conductivities [1].
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Figure 1.2: Figure of merit of various thermoelectric material types after [1]. The
horizontal axis is the charge carrier concentration and the vertical axis is Seebeck
coefficient, electrical conductivity, thermal conductivity or thermoelectric figure of
merit, all with arbitrary units
Fig. 1.2 also reveals the fact that a good compromise is reached in highly
doped semiconductors (1019-1020cm-3). This essentially means that the best
thermoelectric materials are semiconductors, so one should consider such materials
for thermoelectrics. This is also due to the fact that high figures of merit affect the
conversion efficiency of thermoelectric devices. Fig. 1.3 demonstrates the effect of
material’s figure of merit and operating temperature on the conversion efficiency of
typical thermoelectric generators [1]. It can be noticed that for constant thermoelectric
figure of merit, the conversion efficiency is linearly proportional to temperature.

9

Figure 1.3: Typical conversion efficiency curves after [1]
Moreover, it is clear that large efficiencies are associated with larger figures of
merit. There are many semiconductor materials typically available and employed in
thermoelectric devices. Such materials operate in different temperature ranges and
with different efficiencies as shown in Fig. 1.4. It is obvious that the thermoelectric
material having peak value of ZT at temperatures as low as room temperature (300K)
is Bismuth Telluride Bi2Te3 based alloys [1] whereas the rest of materials, e.g. PbTe
and SiGe have their peak ZT values at higher temperature ranges [1]. Actually, what
matters in selecting the suitable thermoelectric material for the design and fabrication
of a thermoelectric device is the conversion efficiency and the operating temperature
range. Even though many materials have peak values of ZT greater than those in the
case of Bi-Te based alloys. It is clear from Fig. 1.4 that around room temperature,
Bi2Te3 alloys outperform the rest of materials. Hence, they are strongly suitable for
fabricating thermoelectric generators capable of operating in this range, or
equivalently human skin-air temperature range. Such operation makes use of the
temperature difference/gradient between human skin and the surrounding atmosphere.
This heat source is free, so even low conversion, or scavenging, efficiencies are still
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advantageous [1]. However, there has been lots of work done to raise the conversion
efficiency of Bi2Te3 based scavengers by optimizing their figures of merit for low
temperature heat conversion [1].

Figure 1.4: Available thermoelectric materials after [1]

1.4 MODERN THERMOELECTRIC MATERIALS
Early thermocouples were mostly made of metals, but recently developed
thermoelectric devices are typically made of p-type and n-type semiconductors that
are electrically connected by means of metallic interconnect, as shown schematically
in Figs. 1.5 and 1.6.
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Interconnect

Heated Surface by dissipation

Figure 1.5: Schematic diagram of a semiconductor–based thermoelectric cooler
Heat Source
Interconnect

N -type

Interconnect

P -type

Interconnect

Cold Surface

Figure 1.6: Schematic diagram of a semiconductor –based thermoelectric generator
In 1929, little information was actually available concerning semiconductors
and their technologies [21], but Abram Fedorovich Ioffe (1880-1960) showed that a
thermoelectric generator employing semiconductors could achieve a conversion
efficiency of 4% [21], with further possible improvement in its performance. Since
then, semiconductor junctions have been especially common in low to moderate
power generation devices. Whereas, metallic junctions are more common in
temperature measurement as in the fabrication of thermocouples. In general, the
current flows through the n-type branch and passes through the metallic short-circuit
or interconnect to the p-type branch. If a battery or power supply is present between
the thermocouple’s terminals, as in Fig. 1.5, its acts as a cooler, and this is the well
known Peltier cooler [2, 13, 16, 21-23]. It should be noted that the two branches are of
different types because the negatively charged electrons in the n-type branch move
oppositely with respect to the direction of the electric current. On the other hand, the
12

positively charged holes in the p-type branch move in the direction of the electric
current, but both electrons and holes conduct or transfer heat from the same side of
the thermocouple. If a temperature gradient is applied and sustained between the hot
and cold ends (Fig. 1.6), the thermocouple then acts as a thermoelectric generator
(TEG). The temperature difference, or heat source created by this temperature
gradient, pushes the electrons in the n-type branch toward the cold end, which creates
a current through the circuit. Also, the holes in the p-type branch flow in the direction
of the current, in the same way described above for the thermoelectric cooler. This
electric current can be fed to a certain load, thus feeding the load with a
thermoelectric energy, which is the typical operation of any thermoelectric generator
or energy scavenger. By the end of 1950's, A. F. Ioffe et al. have developed a full
theory of thermoelectric conversion that is the basis of the modern thermoelectric
theory [21].
Modern thermoelectric improvements are typically based on the reduction of
the thermal conductivity. This is due to the fact that large Seebeck coefficient and
large electrical conductivity are conflicting requirements, and compromises are
necessary. However, decoupling charge carriers and phonons degrees of freedom (in
order not to affect the electrical conductivity) and introducing nanostructures to
scatter phonons can typically be used to develop novel thermoelectrics with
[1]. Fig. 1.7 demonstrates the expected roadmap of some of the commercially
available thermoelectric materials’ figures of merit revealing as well the modern
super-lattice and quantum dot modifications for raising their thermoelectric
conversion efficiencies. It can be inferred that modern thermoelectric materials are
mostly based on Telluride alloys. The current state-of-the-art of Bi-Te alloys is not
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shown in this figure as it focuses more on nano-structured and super-lattice like
material enhancement. Such improvements are overviewed later in chapter three.

Figure 1.7: Roadmap of Thermoelectric materials

1.5 SUMMARY
The fact that typical thermoelectrically generated powers as well as
thermoelectric conversion efficiencies are relatively small unleashes the need for a
well optimized device design coupled with a high quality thermoelectric material.
This work focuses on producing a good thermoelectric material. The material
optimization process starts by employing the appropriate deposition technique for
preparing thin films of multi-element compounds, as demonstrated in chapter two. It
14

has been shown in literature that the best thermoelectric material available is semiconductors. Moreover, it has been demonstrated that Bismuth Telluride compounds
are the best among those materials due to the fact that they are highly thermoelectric
efficient at operating temperatures as low as room temperature. Hence, they are
suitable for fabricating low temperature heat conversion devices and human body
energy scavengers. In chapter three, Bismuth Telluride thermoelectric and physical
properties are addressed as well as an overview of the various efforts achieved in BiTe based thermoelectricity. In the analysis of the various Bismuth Telluride alloys in
chapter four, the main objective is to maximize the power factor, i.e. increasing
Seebeck coefficient and the electrical conductivity simultaneously.
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CHAPTER TWO
THIN FILM DEPOSITION TECHNIQUES
2.1 INTRODUCTION
The modern thermoelectric generators are based on semiconductors as
revealed by the overview in chapter one. Nowadays, such semiconductor compounds
are usually multi-element alloys, even binary alloys are typically doped with one or
more dopant in order to stabilize the thermoelectric properties of the resulting alloy or
generally to render the whole compound enhanced physical and thermoelectric
properties as discussed later in chapter three. Such physical and structural properties
are very sensitive to the elemental composition, as demonstrated later in chapters
three and four. Thus, there is a dire need to preserve the film stoichiometry throughout
the deposition process. Currently, there is a wide variety of deposition techniques
employed to prepare thin films of multi-element compounds. Depending on the
advantages and disadvantages of each of them, it is possible to determine the thin film
preparation technique most capable of preserving the elemental composition of the
processed material.

2.2 COMMON THIN FILM DEPOSITION TECHNIQUES
The most common thin film deposition techniques are the electro-deposition
[1-3], molecular beam epitaxy (MBE) [1, 2, 4-7], hot wall epitaxy [1, 8], chemical
vapor deposition (CVD) [1, 4, 5, 7, 9-17], sputtering

[1, 4, 5, 8, 16, 18-21],

conventional and flash evaporation [1, 2, 4, 8, 16, 20-28] and Pulsed Laser Deposition
(PLD) [1, 2, 4, 29-37]. Depending on the targeted application, each technique has its
own advantages and disadvantages. The main limitation for evaporation technique,
especially for multi-element materials such as modern complex semiconductors, lies
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in the fact that different elements in the structure of such compound materials have
different evaporation pressures. Hence, it is very difficult to control the elemental
composition of the deposited thin film, or in other words, it is impossible to achieve,
or duplicate, the targeted elemental composition. In addition, there might be a
compositional gradient along the thickness of the deposited film [16]. Flash
(sometimes called “partial”) evaporation helps get rid of the problem of different
vapor pressures exhibited by their corresponding different elements in a multi-element
alloy. In such a process, a hot boot is filled with the desired stoichiometric compound
prior to equilibrium evaporation. However, there remain some critical problems of
powder grain size control and boot/crucible contamination reported thoroughly in
[27]. There are other deposition techniques that have the same effect as that of
evaporation, but can have a better control on film stoichiometry. Pulsed laser
deposition (PLD) is one of such techniques. In this case a laser beam bombards a
target of the material under consideration. This results briefly in material extraction or
ablation as discussed later in great detail. It should be noted that the conventional
evaporation, or so-called “equilibrium” evaporation, is different from Excimer laser
ablation, which generates non-equilibrium evaporation. PLD is well-known to
preserve the elemental composition, or stoichiometry, of any multi-element reference
or target material, although the nature of short pulse heating is not fully understood
till now [9, 29]. In addition to this fact, depositing complex multi-element thin films
using conventional evaporation technique, the different cations needed are collected
from their corresponding sources, which is not the case actually in PLD where there is
only one target as the material source; this implies that in conventional evaporation
techniques people need to monitor the rate of deposition of each source element,
which is very hard to achieve and needs accurate, and expensive, techniques when
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using relatively large background pressures [30]. In most of the commonly used
deposition techniques, the background pressure imposes severe limitations on the rest
of deposition parameters, e.g. background pressure affects the rate of material
deposition or extraction from the source material in the sputtering technique. The
main drawback of sputtering is the undesirable film re-sputtering. There is a third
limitation to the use of sputtering which is the need to cool down the target’s
temperature during the deposition progress, which is in turn due to the relatively low
thermal conductivity in the case of a thermoelectric material such as Bismuth
Telluride –type alloys [2]. It is worth mentioning that the laser-induced plume [31-35,
38], which is the moving front of ablated species, generated in a PLD process is
highly confined and forward-directed as compared to the plume of material generated
in the case of sputtering which is almost unconfined [30]. Regarding CVD, it is also
nearly impossible to realize the targeted elemental composition for the fact that
different elements in an alloy do not have the same sticking properties to the
substrate. Besides, electro-deposition seems to be a low cost deposition technique for
the growth of fairly enough high quality thin films, but this at the cost of the
technique complexity and the large number of deposition parameters. Besides, PLD is
a pure thin film deposition technique because the collimated and focused laser beam
which hits the reference or the target material only preserves the deposition purity
because it hits and ablates the target’s surface only; this is not the case in conventional
evaporation techniques such as thermal evaporation in which high temperature
evaporates the reference material in addition to some parts of the container itself.
Finally, there are some limitations to using PLD, such as the production of thin films
with undesirable particulates, i.e. the ejection of microscopic particles and chunks of
materials from the ablated surface [29, 31], but permanently smooth target and
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particulates filtration by mechanical velocity filter [31], plume-plume collision
mechanism [31], which is similar to a great extent to mixing laser plumes to fabricate
layers from hybrid crystals [29], or off-axis deposition [31, 36] employed partially in
this work, miniaturize this issue to a great extent. Non-uniform thin film thickness and
composition and small area deposition impose dire technical and commercial
limitations that result from the fact that the laser plume is mostly highly confined and
forward-directed. This problem can be alleviated by appropriate target and wafer
mechanical movements. Also, line-focused laser beams are typically used to provide
large area depositions and high growth rates as compared to spot-focused laser beams
discussed later. It is worth mentioning that large area depositions are necessary for
large scale fabrication and production. Such depositions require certainly having
uniform thickness of the deposited thin film in order to attain a reasonable yield;
again, this is feasible if PLD is concerned by having the relative motion of the laser
beam, targets and substrate described later and employed in this work as well as in
[31]. Besides, the use of molecular beam epitaxy (MBE) implies the use of high
temperature for such an epitaxial growth, which narrows the choice window of the
available substrates. Furthermore, it is well established that the elemental composition
of films grown by MBE is only preserved at a very narrow temperature range, which
lies between 250C and 310C [29]. Obviously, by keeping in mind that PLD
technique is well known to replicate the composition of the target material [2, 30, 36,
37], it is not anymore debatable why PLD is the best choice to deposit Bismuth
Telluride compounds, or generally any other multi-element compound.

2.3 PULSED LASER DEPOSITION
Pulsed Laser Deposition/Ablation technique is based on material ablation. The
term “Ablation” originates from the Latin word “Ablatum” which means “taken
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away” [34]; this gives a first impression of the mechanism of the PLD process. The
era of laser-assisted thin film preparation, started after the technical realization of the
first laser in 1960 by Maiman [29]. By 1962, Breech and Cross were able to study the
excitation and physical vaporization of atoms from solid surfaces by means of lasers
[29]. In 1965, Smith and Turner employed the well known ruby laser to deposit the
first laser deposited thin films in history [29]. The performance of these thin films was
not good as compared to those deposited by many other deposition techniques such as
CVD, electro-deposition and MBE. In the early 1980’s, there were some research
groups who did achieve remarkable advances in the deposition and fabrication of thin
structures, which resulted from patterning thin films, by means of laser technology
[29]. Interestingly to know, the breakthrough in laser era was in 1987 as soon as
Dijkkamp-Venkatesan group was successful to deposit, by means of laser, a thin film
of Yttrium Barium Copper Oxide YBa2Cu3O7 (commonly known as YBCO), which is
a high temperature superconductor [29]. The laser deposited film was a high quality
thin film if compared to similar films deposited with alternative techniques. After this
success, researchers paid a lot of attention to this new technique and its versatility,
and starting from that moment, PLD was employed specifically in the deposition and
growth of high quality crystalline thin films. Moreover, the deposition of ceramics,
oxides, nitrides, metals and various super-lattices has been successfully realized [29].
By early 1990’s, there were several advances in laser technology, such as the ability
to get lasing at relatively high repetition rates and shorter pulse durations. This made
PLD a vehemently competitive technique for growing high quality thin films with
complex stoichiometries, such as Yttrium Barium Copper Oxide (YBCO) [2, 29, 30,
36, 37]. It is worth stating that based on literature, thin films of conductors,
semiconductors, superconductors, oxides, ferroelectrics and dielectrics have been
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successfully realized by means of PLD [29]. This technique serves in many
disciplines and offers many applications from integrated circuits (IC) to biomedical
implants [29].

2.4 ABLATION-DEPOSITION PROCESS

Figure 2.1: Basic schematic setup of Pulsed Laser Deposition (PLD) technique [29]
In a PLD process, a high power Pulsed Laser beam is collimated and focused
inside a controlled environment chamber to hit a target/reference material of the
chemical composition, or stoichiometry, from which a thin film is to be deposited on a
substrate, as shown schematically in Fig. 2.1. It is worth mentioning that there are
various configurations of a PLD chamber. For instance, the target from which plume
is generated is commonly designed as a supported rotating disc, but it can as well be
sintered into a cylindrical rod with rotational motion and a translational up and down
movement along its axis. This special configuration allows not only the utilization of
a synchronized reactive gas pulse that is necessary for performing reactive laser
ablation [29], but also of a multi-target rod with which films of different multi-layers
can be created. Moreover, reactive laser ablation is very important in synthesizing
new materials by means of chemical reactions between the laser ablated plume and
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ambient gas; some of these reactions have been reported experimentally to occur at
the interface between the laser plume and the deposition gas for the fact that the laser
plume and ambient gas allocate exclusively as soon as the plume begins to expand
[32]. PLD process results in a thin film of that reference material on top of the
substrate. In different wording, upon hitting the target, material starts immediately to
be vaporized and to leave consequently the target’s surface traveling towards the
wafer or the substrate on which the film is to be deposited. This process can occur in
vacuum or in the presence of any mix of background gases. For instance, oxygen is
mainly used when depositing oxides, as its presence as a background gas allows to
fully oxygenating the deposited thin films. Hence, the ambient gas can be generally
used to control the chemical state of the deposited thin films. PLD setup is simple if
compared to almost all other deposition techniques, but unfortunately the processes of
beam-material, or laser-target, interaction and film growth are strongly complex. The
reference material absorbs a laser pulse, and the energy is converted firstly to
electronic excitation and then into thermal, chemical and mechanical energies which
in turn results in evaporation, ablation, plasma formation and even exfoliation [29].
The ablated material, or species, propagate and expand through the surrounding gas,
or vacuum, in the form of a beam of material, which contains various energetic
species including atoms, molecules, electrons, ions, clusters, and particulates, whose
sizes range from few tens of microns to sub-micron and molten globules [29, 31]. The
constitution and dynamical behavior of the ablated species depends on the deposition
parameters, e.g. laser beam parameters, ambient gas type and pressure, deposition
temperature and target stoichiometry [29]. The laser ablation mechanism itself
depends on the ablating energy density. Detailed process steps of PLD are really
complex, starting from the ablation process of the target material by the laser beam,
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passing by the generation of plume including high energetic atoms, molecules,
electrons and ions as well as particulates and ending with the crystalline growth of the
film itself on the possibly hot substrate. In general, the entire PLD process can be
divided into four steps as follows [29]:
1. Ablation of the target and creation of target’s plasma.
2. Expansion dynamics of the material’s plasma.
3. Deposition of the extracted material on the substrate.
4. Growth of the film on top of the substrate.
The transient evolution of ablated species contained in the laser induced
material plume, e.g. densities, temperatures and velocities, can only be experimentally
studied and diagnosed by means of nanosecond analyzers [33]. Moreover, various
techniques such as optical emission spectroscopy (OES) [38] and laser-induced
fluorescence (LIF) [32, 38], have been employed in studying plume formation and
expansion by investigating the presence or ejection of the ablated species and their
kinetic energies; in addition, time-of-flight (TOF) mass spectroscopy and photodeflection techniques are typically useful in studying the ejection of different ablated
species [38]. TOF mass spectroscopy has been used in [34] to analyze the charged
species in the plume. Immediately and up to 100 ns after a laser pulse hits the target’s
surface, Mach-Zender (MZ) interferometer is typically employed to study free
electron expansion in the background gas, and the time dependence of free electron
density is practically calculated from a series of interferographs [29, 36]. Then, LIF is
typically used to map the neutral and ionic species within the laser plume. ArF laser
(193 nm) can also be employed as in [34] to map the neutral species in the ablation
plume. Yet combining MZ interferometer, LIF and optical absorption spectroscopy
have been used in [36] to visualize the expansion of the ablated species by using data
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concerning the time evolution –sampling/slicing rate is predetermined- of the species’
densities and spatial extents from the laser hitting moment up to few s.
In the first step, the ablation of the target’s material upon laser-irradiation and
the plasma generation (Fig. 2.2) are sophisticated processes. The extraction of atoms
from the reference material is achieved by means of physical vaporization at the
surface region in a non-equilibrium state, and this is actually due to a Coulomb
explosion, which is in turn due to the creation of a multivalent ion and its collapse by
Coulomb repulsion. In this step, the incident laser pulse penetrates the surface of the
target material. The penetration depth depends on the laser wavelength and refractive
index of the target material at that wavelength. This depth is in the order of 10 nm for
the majority of typically used materials [29]. The electric fields resulting from the
electromagnetic waves of the incident laser pulse are sufficiently strong to extract
electrons from the bulk material depending on the penetration volumes. This process
occurs within 10 ns, and it is caused by various non-linear processes, such as multiphoton ionization that are enhanced by the presence of microscopic cracks at the
surface and voids as well as the presence of nodules, which reinforces the electric
field. As a result, the free electrons oscillate within the electromagnetic field caused
by the laser electromagnetic waves, and they are allowed to collide with the bulk
atoms in order to transfer some of their energy to the material’s lattice within the
surface region. The material surface is then locally heated up to more than 3700K and
the material is vaporized. The temperature of the generated plume is typically 10000K
[29, 32].

27

Figure 2.2: Schematic illustration of ablation plume spatial occupation
In the second step, the ablated species expand in plasma in a normal direction
to the target’s surface as demonstrated in Fig. 2.2 towards the substrate due to
Coulomb repulsion. The angular spatial distribution of the plume, which must be well
controlled and optimized in order to deposit uniform thin films, depends on the
pressure and gas type inside the deposition chamber [29, 31]. This reveals that this
angular distribution, which can be studied experimentally using simple film-based
calculation as in [31], plays a decisive role in the calculation of the slit size if the
mask filtration method is employed to attain certain degree of uniformity [31]. Mask
or slit filtration method is based on the fact that heavy particulates are concentrated in
the central region or core of the plume; besides, the density of the plume can be
described by a high order cosine distribution with a Gaussian curve shape [31]. There
are three cases for the dependence of the plume spatial distribution on the chamber
pressure:


Low Pressure condition: in this case, the plume is forward directed,
and there is almost no scattering with the background gases. Particles
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with kinetic energies around or greater than 50 eV can re-sputter the
pre-deposited

layers

of

the

thin

film,

which

affects

the

deposition/growth rate and changes the stoichiometry of the thin film.


Intermediate Pressure condition: here, the high energetic ions split off
from the less energetic species, and there are various models that are
commonly used to visualize this case, e.g. the Shockwave model [34]
using Monte Carlo method [33] or by solving the well-known
Computational Fluid Dynamics (CFD) Navier Stokes equations [33].
Other models are still valid in this condition.



High Pressure condition: having this increased pressure of the ambient
atoms, the expansion of the ablated species is a diffusion-like
expansion, thus blast waves as well as ion diffusion effects must be
considered. The scattering process, such as multi-scattering analytical
model, depends also on the molecular mass of the background gas
[29], and consequently it influences the stoichiometry of the deposited
film, which often alters the physical properties of the deposited thin
film, e.g. Seebeck coefficient which is stoichiometry dependent. It is
worth mentioning that the most important drawback of the increased
background pressure is the slowing down or the retarding of the highly
energetic species during the plume’s expansion.

In the third step, which determines the quality of the deposited film, the highly
energetic species in the expanding plume bombard the substrate surface, and this may
damage the surface of the substrate by sputtering off atoms from the surface as well as
the creation of defects in the deposited thin film. The sputtered species from the
substrate and those in the expansion from the target form a region that is called the
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“collision region”. The collision region is actually a source for condensed particles.
As soon as the condensation rate is fairly high enough, a thermal equilibrium can be
reached, and the film finally grows on the substrate surface according to the fourth
step, which depends on several factors, namely, the density, energy, ionization degree
and temperature of the expanding species as well as roughness and crystallinity of the
substrate material. As a matter of fact, PLD thin film growth rate is much lower than
that attained by many other deposition techniques, but the fraction of stable nucleation
sites is, typically, several orders of magnitudes higher for PLD than that for MBE and
sputtering [29]. Of course, this has several implications on the thin film growth when
PLD technique is of concern. Actually, the critical nucleus radius is smaller, and it is
in the order of 1 to 2 atoms. It should be noted that the nucleation rate is directly
proportional to the density of nucleation sites and rate of impingement. Consequently,
the nucleation rate is relatively much higher when PLD is considered. Besides, the
high density of nucleation sites decreases the roughness of the deposited thin film;
hence it increases its ideality, which is vehemently desirable.

2.5 SUMMARY
Based on the overview of pros and cons of the most common thin film
techniques, such as electro-deposition, chemical vapor deposition (CVD), molecular
beam epitaxy (MBE), sputtering, conventional and flash evaporation and pulsed laser
deposition (PLD), it has been demonstrated that PLD preserves the elemental
composition of the reference material throughout a thin film preparation. Hence, it is
the best choice for preparing/growing multi-element thin films, e.g. Bismuth Telluride
alloys in the present thesis. The historical evolution as well as the basic experimental
setup of PLD has been discussed. Moreover, the PLD process, including material
ablation, propagation of ablated species and thin film growth, has been explained and
30

analyzed in fairly enough detail. The next chapter demonstrates the various
thermoelectric materials available and discusses the physical and thermoelectric
properties of Bi-Te based compounds.
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CHAPTER THREE
BISMUTH TELLURIDE COMPOUNDS
3.1 INTRODUCTION
There is a wide variety of materials capable of generating a potential
difference when exposed to a temperature gradient. The performance of any
thermoelectric material is measured through a figure of merit defined as ZT. In
general ZT depends on the material resistivity and its thermal conductivity and can be
, where P is the power factor,  is the thermal conductivity

expressed as

and T is the temperature in Kelvin. Besides, Bismuth was known as a thermoelectric
element in the beginning of 1950’s [1, 2]. In 1954, Bismuth Telluride (Bi 2Te3) based
compounds have been used for the first time in a thermoelectric cooler that was
employed in refrigeration. In the beginning, such alloys were formed of bismuth (Bi)
and tellurium (Te) only, but as time evolved, researchers and experts have used
antimony (Sb) and selenium (Se) while keeping the same stoichiometry, or chemical
composition, which is generally BixSb2-xTeySe3-y. In general, thermoelectric industries
are mainly based on such alloys. The improvement in the thermoelectric figure of
merit of various thermoelectric materials came out with the introduction of
nanostructures and nanodevices based on these compounds [1, 2]. It is worth
mentioning that the maximum ZT factor associated with the development of
nanotechnology based techniques (starting from 1990’s) was that in the case of
Bismuth Telluride alloys. Telluride compounds such as Bi 2Te3, Sb2Te3, PbTe,
SrSc2Te4 and BaY2Te4 [1, 3-19] have generally high thermoelectric capabilities, and
that is why typically Te based alloys are widely employed in most of available
thermoelectric

devices.

Among

these

well-known

Te-based

thermoelectric
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compounds, Bi2Te3 and Sb2Te3 are commonly used in miniature Thermoelectric
Generators (TEG) as n-type and p-type thermo-elements respectively [3, 5]. It is well
asserted that the main limitation to using Telluride compounds lies in the fact that
Tellurium is becoming increasingly expensive and rare, and this is typically why
researchers manage to eliminate the need to Te in the near future by means of
employing Bi alone, or a combination of Bi and different elements. However,
Telluride compounds still outperform significantly the rest of thermoelectric
compounds, which in turn keeps pushing research on these materials [2].

3.2 BISMUTH TELLURIDE ALLOYS

Figure 3.1: Schematic for Bi2Te3 rhombohedra crystal structure, after [1]
In general, raw Bi2Te3 compound is a grey powder, which has no odor and a
melting point of about 580C [1, 20]. Bi2Te3 has a rhombohedra crystal structure. Its
hexagonal cell structure is commonly represented by stacking layers as in Fig. 3.1.
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Generally, BixSb2-xTe3 has the same crystal structure of Bi 2Te3 as well as Bi2TeySe3-y.
This is due to the fact that Bi atoms can be substituted by Sb atoms, and Te atoms can
also be substituted by Se atoms. Such substitution necessarily occurs in ternary alloys
resulting in single phase compounds exactly as in the case of their binary
counterparts. It is worth noting that ternary alloys have been conventionally employed
mainly in order to stabilize Bi-Te physical and thermoelectric properties, most
notably, Seebeck coefficient, electrical and thermal conductivities [1]. Such stability
is required for the fact that the thermoelectric properties of Bi-Te ternary and binary
alloys are remarkably sensitive to bismuth and tellurium concentrations.
Consequently, substituting them partially with antimony and selenium respectively
has been found to generally reduce such instability by reducing the concentrations of
bismuth and tellurium in Bi-Sb-Te-Se alloys. In addition, various research groups
employing different film preparation techniques have used excess amounts of the
various elemental components encountered in such ternary alloys, namely, bismuth,
tellurium, antimony and selenium in order to overcome the undesirable deviations in
the elemental compositions of the prepared films from the targeted values. Based on
this convention and knowing that Pulsed Laser Deposition (PLD) is well known to
conserve the elemental composition to a great extent as highlighted previously in
chapter two, the sole interest of this thesis has been established as to investigate the
feasibility of preparing binary as well as ternary alloys of Bi-Te by means of PLD,
thus eliminating the need to use excess elemental components, optimizing both types
of Bi-Te alloys and comparing their thermoelectric performance through the
optimization results. As a result, it has been instructive to inspect the stoichiometry
dependence of the various thermoelectric properties of binary Bi-Te, which are wellknown from the above discussion to be steeper than those of ternary alloys. According
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to the overview of thermoelectrics in chapter one, it is well asserted that in order to
optimize the thermoelectric performance of any material, its Seebeck coefficient must
be kept as high as possible whereas thermal conductivity and electrical resistivity
must be as low as possible. The available range of elemental compositions for binary
Bi-Te compounds according to the literature [1] is in the vicinity of Bi 2Te3
stoichiometry, i.e. 40% of bismuth to 60% of tellurium. This is exclusively due to the
fact that this range ensures getting the highest possible thermoelectric performance
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out of such alloys.
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Figure 3.2: Reproduced data of thermal conductivity of Bi2Te3, after [1]
A thorough inspection of the dependence of the thermal conductivity of the
binary Bi-Te alloys in a relatively wide range of tellurium concentrations from 50% to
70% (Fig. 3.2) reveals that the thermal conductivity of such alloys is noticeably
sensitive to their elemental composition. It is clear that the thermal conductivity is low
for Te concentrations below 55% and from 60% to 63%. Thus, this is the range of Te
concentration that should be considered for optimizing the thermoelectric
performance of such binary alloys. Otherwise, this performance degrades significantly
as the thermal conductivity increases steeply to almost the double for Te
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concentrations in the vicinity of 57.5% and more than 67%. However, it is worth
noting that it swings in the same order of magnitude for a considerably wide range of
Te or Bi concentration, i.e. 20%. Besides, it can be inferred by the behavior displayed
in Fig. 3.2 indicates that Bi-Te compounds generally exhibit low thermal in-plane
conductivity, which may even be typically assumed to be in the order of the thermal
cross-plane conductivity [21].
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Figure 3.3: Reproduced data of Seebeck coefficient of Bi2Te3, after [1]
To optimize the thermoelectric performance of Bi-Te alloys, their Seebeck
coefficient is needed to be as high as possible for the ranges of Te concentrations
below 55% or from 60% to 64% to minimize thermal conductivity. A detailed
inspection of Fig. 3.3 shows that for a Te concentration lower than 60% the material
is P-type, whereas increasing the Te concentration higher than 63% results in an Ntype material. For P-type material, the highest Seebeck coefficient is achieved at
around 60%. In spite of the fact that the Seebeck coefficient decreases by 40% for a
Te concentration between 56% and 52%, it is recommended to consider such range as
the Seebeck coefficient is much more stable and reproducible over this range. On the
other hand, the stable range of operation for the N-type material is between 66% and
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70%. At this point it is interesting to note that the thermal conductivity is not
minimized over the recommended Te concentration range for both P- and N-type
material as revealed from Fig. 3.2.

This contradiction unleashes the need for

compromise between the optimization of thermal conductivity and Seebeck

Electrical Resistivity (uSI units)

coefficient of the various alloys investigated in this effort.
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Figure 3.4: Reproduced data of electrical resistivity of Bi2Te3, after [1]
Further investigation of the electrical resistivity of Bi-Te binary alloys
displayed in Fig. 3.4 for the same range of Te concentrations uncovers more the need
to compromise between the different thermoelectric properties of such compounds. It
is obvious that the electrical resistivity reaches a minimal value near 56% of Te and
above 66.5% as well. These ranges are consistent with that required to have a stable
Seebeck coefficient (but not maximized) and different from those needed to minimize
the value of thermal conductivity mentioned above. From the above inspection of
Figs. 3.2, 3.3 and 3.4, it is asserted why there has been a need to optimize the
thermoelectric performance of such alloys through a standard benchmark combining
the three thermoelectric physical quantities, which is certainly the thermoelectric
figure of merit Z.
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Figure 3.5: Reproduced data of the figure of merit Z of Bi2Te3, after [1]
The thermoelectric figure of merit Z of Bi-Te binary alloys is displayed in Fig.
3.5. It is clear that it has a minimal value which is very close to null near the Te
concentration of 62.5% due to the fact that the electrical resistivity is relatively very
high in this range, especially near the intrinsic point. It is also obvious that Z has
various maxima and minima within the 20% range. This again demonstrates the
strong sensitivity of the material performance on the alloy elemental composition. It is
worth noting from Fig. 3.5 that near Te concentration of 64%, the figure of merit
reaches a maximum value for this n-type alloy. Also, when Te concentration is around
55%, the figure of merit reaches a slightly lower maximum value for such a p-type
alloy. This is the reason why these alloys are optimized in this effort as demonstrated
in chapter five.
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Figure 3.6: Reproduced data of Bi2Te3 electrical conductivity temperature
dependence, after [1]
In addition to the above discussion regarding the effect of stoichiometry on the
thermoelectric properties of Bi-Te alloys, it is worth mentioning that such properties
are generally temperature dependent. Fig. 3.6 demonstrates the temperature
dependence of p-type Bi2Te3 Seebeck coefficient. The highest value is attained near
525K. Generally, its trend is seemingly flat to a noticeable extent, but it undergoes
about 100% change from room temperature to 525 K. Furthermore, Fig. 3.7 shows the
temperature dependence of Bi2Te3 electrical conductivity. It is obvious that the
electrical resistivity of such a binary alloy drops significantly as the absolute
temperature increases from 420 K to more than 600 K. However, this again is
associated with a remarkable decrease in Seebeck coefficient (as in Fig. 3.6) for the
same absolute temperature range.
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Figure 3.7: Reproduced data of Bi2Te3 Seebeck coefficient temperature dependence,
after [1]
Both Figs. 3.6 and 3.7 reveal briefly that Bi 2Te3 thermoelectric power factor,
and accordingly thermoelectric figure of merit Z, is temperature dependent and needs
to be optimized to a great extent. In order to cover the main physical properties of BiTe alloys, it is worth mentioning that Bismuth Telluride based compounds are
relatively fragile. The employment of such fragile thermoelectric materials imposes a
limitation to the maximum possible shrinkage of the cross-sectional area of any
thermo-element based on such compounds in vertical or non-planar fabrication [20].
As a matter of fact, based on elementary thermoelectrics [1, 2], it is well known that
the dependence of the output power on the thermo-element dimensions can be
eliminated by keeping the ratio between its length and its cross sectional area fixed.
There is also a need to shrink the size of the thermo-element in order to increase the
packing density by using very long chain of thermocouples as discussed in chapter
one. Finally, from the data and discussion presented in this section, it is much more
understandable why in a low temperature range, i.e. as low as room temperature, BiTe based alloys are well-known to exhibit high Seebeck coefficients (Fig. 3.3)
44

associated with a moderate electrical conductivity (Fig. 3.4), i.e. high thermoelectric
power factor. This is actually the main reason why Bismuth Telluride –based
compounds and devices [18, 19, 22] are thermoelectrically very efficient at operating
temperatures as low as room temperature. Moreover, there will be intensively more
interest from researchers and designers in Bi-Te –based compounds in the near future,
as it’s the best thermoelectric material, for thermoelectric generators are dedicated for
power generation in almost the same range as that generated by micro-turbine and
micro-mechanical generator, but also TEG have no moving parts, and this is another
advantage [4].

3.3 OVERVIEW

OF

BISMUTH TELLURIDE DEVELOPMENT

Various efforts have been done in order to improve the figure of merit of
Bi2Te3 –based thin films, and they were directed firstly to Bi 2Te3 bulk or target
materials in the case of physical vapor deposition (PVD) techniques [1, 10]. In order
to increase the thermoelectric figure of merit of the bulk Bi-Te target, alloying with
other elements has been employed. It is worth mentioning that all PLD targets
employed in this thesis have been fabricated by compacting and sintering Bi 2Te3
powder. Compaction and sintering procedures do affect the figure of merit of bulk BiTe based material; for instance, Kim et al [21] reported the fact that thermal
conductivity is reduced in sintered bulk Bi2Te3 compounds when the average grain
size was around 2 m, which resulted in an overall increase in the thermoelectric
figure of merit of the sintered bulk. This is mostly due to carriers’ scattering at grain
boundaries [21]. Therefore, it is of great importance to investigate the fabrication of
thin films with nano-sized grains, as this might enhance the figure of merit of bulk
materials, which in turn may improve the figure of merit of the deposited thin films
based on such materials [21]. Furthermore, K. Miyazaki et al reported in [6] that
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sintering bulk Bi2Te3 resulted in decreasing its Seebeck coefficient significantly,
which consequently decreased the figure of merit. This contradicts what Kim et al
reported, but this is not the only contradiction in literature concerning Bismuth
Telluride, for R. Makala et al in [9] used PLD to deposit thin films of n-type
(Bi2Te3)90(Sb2Te3)5(Sb2Se3)5 and the investigated thin film was actually n-type, but this
was not the case for O. Yamashita et al in [23] who investigated the same n-type alloy
grown by Bridgman method and they found it to be p-type. Besides, p-type
Bi0.5Sb1.5Te3 and n-type Bi2Te2.82Se0.18 alloys investigated in this work have two of the
highest thermoelectric figures of merit reported recently, and they are about 1.26 and
1.19 respectively at room temperature [1, 6, 10, 11, 22, 24], and this is typically the
reason for investigating these alloys. For p-type Bi 0.5Sb1.5Te3, O. Yamashita et al
reported in [10] that using an excess of Te with this alloy resulted in a decrease of its
thermal conductivity and an overall increase in its figure of merit which makes it
about 1.41; in addition, Boikov et al reports in [14] that they were able to prepare
stoichiometric compounds of p-type Bi0.5Sb1.5Te3 whose thermoelectric properties are
nearly equal to those of bulk single crystals, which again emphasizes the fact that
these two compositions have the highest available figure of merits. It should also be
noted that the improvement of ZT can also be achieved by thermally annealing the
target or the bulk material in different environments before use, and this thermal
treatment can be conducted after a doping or alloying process, as it is sometimes used
in Bridgman method [10, 23, 25-27] and many other methods, such as zone melting,
or traveling heater [22, 28-30] and hot pressing [22], which are all typically employed
methods to grow crystals of materials, e.g. from their melts. This coincides with what
K. Miyazaki et al reported in [4] concerning the great improvement in their n-type
Bi2Te3 samples after thermal annealing. There are very high ZT figures which have
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been reported recently in various efforts in growing Bismuth Telluride thin films [10],
in which the authors used Bi-Sb-Te-Se alloys to attain figures as high as 2.4 in p-type
Bi2Te3/Sb2Te3 and n-type Bi2Te3/Bi2Te2.83Se0.17 enhanced super-lattices [21]; besides,
nanocomposites are useful in similar manners [21]. There is also another way to
increase the thermoelectric figure of merit ZT by means of super-lattice type Bismuth
Telluride structures, and this is achieved by adding thermally insulating layers
between Bi-Te stacks [7]. This results in confining the Bi-Te electrons in 2D layers or
domains with no scattering off the interfaces, which is not the case for phonons that
scatter off the interfaces. This in turn results in a substantial decrease in the total
thermal conductivity of the whole Bi-Te structure because of the remarkable decrease
in the phonon thermal conductivity. Consequently, the whole figure of merit ZT is
expected to increase by more than a factor of three as compared to that of the bulk BiTe thermoelectric figure of merit. These ideas have been originally the result of the
fact that the increase of the thermoelectric figure of merit in a material is vehemently
difficult, for the three parameters defining this factor, the electrical conductivity,
thermopower and thermal conductivity, are coupled, or interrelated, in the sense that a
change in one of these quantities is associated by another change in one of the two
other quantities so that the whole ZT factor remain almost unchanged, or unimproved
[1, 7]. For instance, when the electrical conductivity increases, the thermopower
decreases, and this fact has been reproduced in this work [7]. Also, an increase in the
electrical conductivity is associated with an increase in the thermal conductivity
because of the electronic contribution that dominates then the thermal conductivity,
thus preventing ZT from any further noticeable improvement. Away from this low
figure, Bismuth Telluride alloys still possess the highest thermoelectric figures of
merit reported for thermoelectric materials at temperatures as low as room
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temperature, e.g. Bi2Te3 and Bi0.5Sb1.5Te3 were reported in 1964 to have ZT figures of
0.52 and 1 respectively at room temperature [7]. It should be emphasized again that
although the previously reported figures of merit are relatively high and that the
output power of a thermoelectric generator (TEG) ranges generally from 10 -9 to 105
Watts [1], Bismuth Telluride based devices are typically used and treated as low
power thermoelectric generators (LPTG) that operate in the Watts range (such low
power is partially due to miniaturization) [1, 6, 24], which is, as mentioned before,
sufficient to feed lots of modern miniaturized systems such as micro-sensors, microactuators, micro-coolers and wrist watches [6, 24]. The reliability of such
miniaturized LPTG is addressed in fairly enough detail in [31].

3.4 SUMMARY
The thermoelectric properties of Bismuth Telluride alloys, namely, Seebeck
coefficient and the electrical and thermal conductivities have been overviewed. It has
been shown that their properties, especially Seebeck coefficient, are stoichiometry
dependent. Moreover, the thermoelectric figure of merit, and accordingly the
conversion efficiency, of such compounds is temperature dependent. Besides, it has
been demonstrated that Bi-Te alloys are relatively fragile, thus imposing limitation to
non-planar fabrication of thermo-elements based on such material. This reveals that
future thermocouple fabrication must preferably make use of planar thin film
technology as in [18, 19]. Finally, the various achievements in Bismuth Telluride
thermoelectrics have been overviewed. This helped determine the different
procedures, methodologies and techniques necessary for the characterization of
Bismuth Telluride thin films analyzed and discussed in chapter four.
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CHAPTER FOUR
CHARACTERIZATION OF BISMUTH TELLURIDE THIN FILMS
PREPARED BY PULSED LASER DEPOSITION
4.1 INTRODUCTION
This chapter describes thoroughly an experimental procedure of preparing
high quality thin films based on ternary and binary Bi-Te alloys, p-type Bi 0.5Sb1.5Te3,
n-type Bi2Te2.82Se0.18 and p-type Bi64Te36 and Bi55Te45 demonstrated in chapter three,
using the pulsed laser deposition (PLD) technique presented in chapter two. First, the
experimental setup and sample preparation are discussed in detail. Second, the effect
of various PLD parameters, namely laser energy density, deposition pressure and
substrate temperature, on the major properties of the deposited thin films, such as
surface roughness, grain microstructure, texture, electrical conductivity and Seebeck
coefficient is investigated. Moreover, the effect of post-processing the deposited thin
films by thermal and pulsed laser annealing in enhancing their physical and
thermoelectric properties examined. Finally, the analysis of the whole data as well as
the optimized results for the deposited thin films is presented.

4.2 SAMPLE PREPARATION AND EXPERIMENTAL SETUP
All Bismuth Telluride thin films have been deposited using PLD on 6 inches
Silicon wafers coated by either 250 nm of Silicon dioxide, 100 nm of Silicon Nitride
(Si3N4), or 2 m of photo-resist as substrate. P-type thin films have been deposited by
ablating 20 mm diameter and 6 mm thick (Bi0.25Sb0.75)2Te3, Bi64Te36 or Bi55Te45 targets;
whereas, Bi2(Te0.94Se0.06)3 has been used as the target of n-type films. The various PLD
targets have been fabricated by sintering Bismuth Telluride powders, having the
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targeted elemental compositions. The experimental setup for PLD is schematically
shown in Fig. 4.1 [1].
Figure 4.1: Schematic PLD setup which has been employed in this work, after [1]
Excimer Laser

Attenuator
Mirror

Vacuum Chamber
Target

Telescope

Wafer
Plume

Mirrors

The system is composed of a Pulsed Excimer Laser source, attenuator,
telescope, guiding mirrors and vacuum chamber. Krypton Fluoride (KrF) is the lasing
gas, so the lasing wavelength of the Excimer laser is 248 nm. The pulse to pulse
stability of Excimer lasers, even at high energies, is up to 500 mJ, which is often
about 0.5%, sustains to a great extent the PLD process stability and the quality of the
deposited thin film [2, 3]. The pulse duration generated by the system is around 24 ns.
Such short duration results in absorption in a relatively small shell of the target’s
surface causing explosive evaporation by rapid and tightly localized heating that
keeps the other side of the ablated target at nearly room temperature [2-4]. The pulse
repetition rate can be varied from 1 to 50 Hz. This rate can be different for each target
which is very useful in fabricating thin films of complex composite materials. The
attenuator is used to control the laser energy density between 50 mJ/cm2 and 3.5
J/cm2. A wider range is available for Pulsed Laser Annealing [5-11] which uses the
same KrF Excimer source, deposition-annealing switching optics, laser beam
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conditioning optics and computer-controlled sample positioning stage. The telescope
(Fig. 4.1) collimates the laser beam prior to its delivery to the vacuum deposition
chamber. The laser beam hits the target at an adjustable angle of around 45 with a
spot size of around 1.8 mm2. The laser beam spot size or focal point size is
interrelated to the energy of the laser beam. Both affect the angular spatial distribution
of the ablation plume as explained in chapter two. In fact, small sized spot size is
crucial for having small grooves on the target’s surface, which increases the ablation
and deposition efficiency [12]. The wafer is placed vertically inside the chamber at an
adjustable distance of around 2 cm from the target. In order to get a uniform
deposition, the wafer scans horizontally while rotating around its center. This
substrate motion allows for the use of the vacuum chamber as a hot plate in a thermal
annealing [7, 13-21] setup. During a PLD process, the ablated target rotates around
itself while performing an angular displacement around the center of the targets’
holder. This target motion avoids non regular target ablation, thus improving the
deposition uniformity and avoids non-stoichiometry resulting from localized
evaporation in fixed ablation region. As a matter of fact, as the number of pulses
hitting a position on the target’s surface increases, the surface morphology and
topography changes which results in visible plume deflection that has been reported to
be up to 5 degrees [22]. The targets’ holder has the capacity of 6 targets, which is
certainly crucial for in-situ multi-layer processes, e.g. super-lattice like structures and
photonic bandgaps [2-4]. It is worth mentioning that such multi-layer processes do not
need much time, as the growth of thin films is relatively fast in typical situations.
Hence, the process time is actually the deposition time, and a complete multi-layer
deposition needs a day, or even less. Moreover, the growth of each layer is not
affected by the preceding layer. Besides, lattice mismatches are inevitable as long as
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there is a multi-layer process of concern, but multi-layering at relatively high
substrate temperatures helps miniaturize this problem by producing regions of mixed
materials between layers [22]. The pressure inside the deposition chamber can vary
from 10-5 mbar to 0.1 mbar. The background gas for all depositions performed at 10-3
mbar or higher are Argon, Oxygen, Nitrogen or Argon/Hydrogen (90%/10%). For
deposition at lower pressures, no background gas is used due the fact that the PID
(Proportion-Integration-Differentiation) controller currently employed can not afford
full control at such low pressures. Finally, the deposition temperature can be varied
from room temperature up to 650C.

4.3 EFFECT

OF

PLD PARAMETERS

ON

FILM SURFACE

ROUGHNESS
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM)
images as well as optical profiling of the surface help investigate the surface
roughness of the deposited films. It is worth mentioning that thin films deposited by
PLD are usually composed of clusters embedded inside thin continuous films [22].
This reveals the fact that the surface roughness of the deposited films depends on the
different clusters’ sizes and densities. In general, the surface roughness and
topography of the deposited film are expected to depend on the different PLD
parameters mentioned previously. The influence of the laser energy density on the
deposited thin film has not been investigated deeply in literature. However, there is,
for instance, important evidence reported in [22] that the ablated high energy species
result in shallow implantation when using relatively high laser energy densities for
target ablation. This implantation results in interfacial mixing of materials and the
production of meta-stable phases. Moreover, such high energy species may also result
in re-sputtering of surface atoms, especially at very high ablation energies. Besides, it
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should be noted that high energy species are more or less the sole reason behind good
adhesion properties of PLD thin films. In addition, higher nano-particle aggregation
(clustering) corresponds to more high energy ablated species. The aggregation of
nano-particles has been reported to depend on the deposition gas type [23]. This
means that it actually depends on the gas properties, e.g. molecular mass, viscosity,
etc [24]. Such properties affect, for instance, the rate and total counts of collisions of
ablated plume species in their way from target to substrate, and these collision
processes are crucial for film growth onto the substrate. Furthermore, it is worth
mentioning that the background gas type affects the deposition size/area due to the
fact that it affects the spatial confinement and distribution of laser plume. It is worth
noting that the spatial distribution of ablated species controls in its turn the
agglomeration of clusters. This effect has been also reported in great detail in [24].
P-type (Bi0.25Sb0.75)2Te3 was the first target to consider for investigation, as this
alloy is the most promising Bi-Te based compound found in literature [1], as
highlighted in chapter three. This selection has been beneficial for inspecting the
feasibility of preparing Bi-Te thin films by PLD, reproducing literature conclusions
mentioned above and optimizing the deposition conditions for such a promising
compound. The SEM images displayed in Figs 4.2.a-e help investigate the effect of
the deposition pressure and ablation energy density on the clusters sizes and density.
In Figs 4.2.a-c, it can be revealed that a significant increase in the background or
deposition pressure from 10-3 mbar to 10-2 mbar results in less remarkable increasing
the particulates sizes and density. Further increase in the deposition pressure from 10 -2
mbar to 10-1 mbar has been found to result again in less noticeable increase in
particulates’ sizes and density. This is certainly due to the fact that increasing the
deposition pressure results in more plume confinement and more collisions thus more
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aggregation of species and clusters. This is in perfect agreement with the literature
[22]. Furthermore, Figs 4.2.d-e demonstrate the fact that any increase in the laser
fluence or energy density results in a significant increase of the particulates’ sizes and
density as well, especially above 1 J/cm2, where the sizes and density of clusters
increase dramatically. This is again in complete agreement with the literature, and it is
mainly due to ablating the target with a laser fluence which is fairly enough above its
ablation threshold [22]. Further increase in this ablation energy density results
commonly in large clusters and chunks of material splashes. Such splashes affect
greatly the surface roughness as well as any further processing, such as surface
micromachining of such thin films. Besides, it is clear that the laser fluence affects the
particulates sizes and density appreciably more than the deposition pressure.

a

b

d

c

e

Figure 4.2: a) SEM image of (Bi 0.25Sb0.75)2Te3 when the laser fluence is 0.7J/cm 2 and
the deposition pressure is 10-3 mbar in Argon; scale bar is 1m. b) The laser fluence
is 0.7J/cm2 and the deposition pressure is 10-2 mbar. c) The laser fluence is 0.7J/cm 2
and the deposition pressure is 10-1mbar. d) The laser fluence is 1Jcm-2 and the
deposition pressure is 10-1mbar. e) The laser fluence is 1.25 J/cm 2 and the deposition
pressure is 10-1 mbar.
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Furthermore, Figs 4.3.a and 4.3.b reveal that the substrate temperature has no
noticeable effect on clusters’ sizes and density. In addition, it has been found that the
substrate temperature has no significant effect on the film growth rate or equivalently
its thickness. This actually reveals that Bi-Te thin films can be grown at room
temperature without any significant degradation in the growth rate and surface
roughness. Similar results regarding the effect of PLD parameters on particulates sizes
and density for the rest of Bismuth Telluride alloys have been found.

a

b

Figure 4.3: a) SEM image of (Bi0.25Sb0.75)2Te3 when the substrate temperature is 300K,
laser fluence is 1.4 J/cm2 and the deposition pressure is 10-3mbar in Argon; scale bar
is 100m. b) the substrate temperature is 673K.
Atomic Force Microscopy (AFM) and optical interferometer profiles were
employed in investigating the average surface roughness of the deposited thin films,
which was expected to be relatively high due to the embedded clusters highlighted
above. Fig. 4.4 shows an AFM image revealing that the surface roughness of a 600
nm thick (Bi0.25Sb0.75)2Te3 deposited by 0.7 J/cm2 at 400C and 10-3 mbar is around 12
nm. This relatively low roughness value declares the fact that the sizes and density of
particulates are quite low. This is actually clear in all other AFM images encountered
in this work for this p-type ternary alloy as well as the rest of alloys investigated.
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Figure 4.4: AFM image of 600nm thick (Bi0.25Sb0.75)2Te3 deposited at 0.7 J/cm2, 10-3
mbar and 400C; average roughness is 12nm

4.4

EFFECT

OF

DEPOSITION

PARAMETERS

ON

FILM

MICROSTRUCTURE
The grain microstructure of thin films is commonly studied using
Transmission Electron Microscopy (TEM) cross-sections. It is well-known that the
grain microstructure affects the physical and thermoelectric properties, such as the
electrical and thermal conductivities. This is mainly due to charge trapping and
phonons scattering at the grain boundaries. In general, the grain size and shape are
sensitive to almost all the deposition parameters, precisely the deposition pressure and
most significantly substrate temperature [22]. Obviously, the deposition pressure
affects the grain microstructure due to the fact mentioned above that when the
background pressure increases, collisions rate and number increase thus leading to
more nucleation and aggregation. It is worth noting that the grain size is not directly
correlated to the thermoelectric figure of merit ZT discussed in Chapter one. This
essentially means that an increase in the grain size improves both the thermal and
electrical conductivity. As a result it may or may not improve the figure of merit.
From the previous section, literature information concerning the effect of
various PLD parameters has been reproduced successfully. Based on literature as
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well, the grain size is greatly affected by the substrate temperature maintained during
the deposition process as mentioned above. Accordingly, the substrate temperature is
the critical parameter affecting the grain microstructure thus affecting the electrical
conductivity and the overall thermoelectric efficiency of the deposited thin films. In
order to focus on the effect of such a critical parameter, the laser energy density has
been fixed to 0.7 J/cm2 to have fairly enough smooth thin films similar to those
displayed in Figs 4.2.a-c. The deposition pressure has been raised to 10 -1 mbar in
order to augment the grain size by means of increased nucleation and aggregation as
discussed previously. TEM cross-sections in Figs 4.5 and 4.6 confirm the fact that the
deposited films are composed of clusters embedded in thin continuous films. Fig. 4.5
also reveals that the bottom part of the deposited thin film is amorphous and its upper
part is polycrystalline at 100C, which is a relatively low substrate temperature. It can
be noticed that when the film becomes thicker, the polycrystalline portion increases. It
is evident in Fig. 4.6 that increasing the substrate temperature to 200C results in a
reduction of the amorphous portion of the deposited thin film and that the film
becomes much more polycrystalline with columnar grain microstructure. Fig. 4.7
reveals that further increase in the substrate temperature results in a seemingly fully
polycrystalline film. The same observation holds for the ternary n-type alloy.
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Figure 4.5: TEM cross-section of a 1.5m thick (Bi0.25Sb0.75)2Te3 where the laser
energy density is 0.7J/cm2, deposition pressure is 10-1 mbar and substrate temperature
is 100C

Figure 4.6: TEM cross-section of a 1.5m thick (Bi0.25Sb0.75)2Te3 where the laser
energy density is 0.7 J/cm2, deposition pressure is 10-1mbar and substrate temperature
is 200°C

Figure 4.7: TEM cross-section of a 0.6 m thick (Bi0.25Sb0.75)2Te3 deposited using a
laser energy density is 0.7 J/cm2, deposition pressure of 10-1mbar and a substrate
temperature of 400°C
Regarding the binary p-type Bi64Te36 and Bi55Te45 compounds, the TEM crosssections in Figs 4.8.a and 4.8.b allow gaining more insight regarding the effect of the
substrate temperature on the grain microstructure. It can be noticed from Fig. 4.8.a
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that Bi64Te36 thin films deposited at 300C are fully polycrystalline with V-shaped
grains. Besides, thin films deposited at 600C have completely different grain
microstructure having spherical appearance as demonstrated in Fig. 4.8.b. This is
mainly due to the fact that for Bi-Te alloys concerned in this thesis, such high
temperatures are close to their alloy melting points, or more accurately their solidus
line (alloys generally do not have a single melting point, but they have a range of
melting points starting from solidus to liquidus line, and in this range of temperatures,
the material is a mix of liquid and solid phases). Similar observations have been found
for high temperature deposition of p-type Bi55Te45 compound.

Figure 4.8: TEM cross-sections for Bi64Te36 deposited thin films at 300C in (a) and
600C in (b)
The TEM cross-sections in Fig. 4.9.a and 4.9.b emphasize that thin films
deposited on Silicon Nitride (Si3N4) substrate at 100C have an amorphous bottom
part. For the same deposition temperature, increasing the deposition pressure does not
have a remarkable effect on increasing the depth of the polycrystalline portion.
However, it is clear that it affects the grain size as revealed by Figs 4.9.a and 4.9.b.
This matches exactly the literature in the sense that it affects nucleation and
aggregation of species as mentioned previously.
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Figure 4.9: TEM cross-sections for two (Bi 0.25Sb0.75)2Te3 1.5m thick films deposited
on Si3N4 substrate; at different deposition pressures. (a) 10-2mbar and (b) 10-1mbar
After investigating the effect of the various PLD parameters on the surface
roughness and microstructure, it has also been crucial to examine the effect of these
parameters on the elemental composition and texture of the deposited thin films.
Based on literature, the elemental composition of Bi-Te thin films affects greatly their
thermoelectric performance or efficiency. Consequently, it has been the main
parameter to investigate direly in order to optimize the thermoelectric performance of
Bi-Te films. However, the experimentation of the surface roughness and grain
microstructure has been also crucial for the fact that such optimized thin films are
intended to be integrated in thermoelectric device. This necessarily requires that they
must be suitable for multi-layer packing and surface micromachining as well.

4.5 EFFECT

OF

PLD PARAMETERS

ON

FILM STOICHIOMETRY

The elemental composition of the deposited thin films can be studied
quantitatively by X-Ray Fluorescence (XRF). In conjunction with XRF, X-Ray
Diffraction (XRD) can be used to investigate the deposited film texture with respect
to that of the target used. This is allowed by inspecting the position of the different
diffraction peaks in the film texture relative to those of the target. Hence, one can
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have qualitative information on the degree of preserving the target’s elemental
composition through the deposition process. In addition, employing both techniques
confirms the observed results. Based on literature, the deposition pressure as well as
the background gas type usually affects the elemental composition of the deposited
thin film [24]. Moreover, the laser energy density has been reported to have a minor
effect on the elemental composition. However, it is worth mentioning that laser
ablation spectroscopy is typically employed in surface analysis of the elemental
composition of materials. This reflects the fact that the effect is generally negligible,
which is also consistent with literature.

4.5.1 X-RAY FLUORESCENCE SETUP
X-rays have three main applications, namely, medical radiology, investigation
of elemental composition of any material by means of XRF and crystallographic
analysis by means of XRD as overviewed in the next section. XRF experiments have
been performed by employing relatively modern instrument equipped with data logger
and interpretation software. A high resolution Germanium detector cooled to liquid N2
temperature has been used. This has been crucial for detection and background
reduction. The various samples and their corresponding targets were all investigated
in order to calibrate the measurements. All the samples and targets were exposed to
X-rays at precisely the same distance. Moreover, the exposure was essentially kept
constant during all the measurements.

4.5.2 X-RAY DIFFRACTION TEXTURE
It is worth mentioning that the best and widely applied way to perceive and
understand how structural information is encoded in a XRD pattern is to consider the
overall pattern as a set of discrete diffraction peaks (i.e. Bragg peaks) superimposed
over a continuous background radiation. The continuum may sometimes be used to
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extract information concerning the crystal nature of the specimen and few other
parameters regarding the material under investigation. However, this work will be
concerned with Bragg peaks, not with the background radiation. In the majority of
XRD applications, the background is an inconvenience. In general, attempts are made
to achieve its minimization during the experiment. Away from the undesirable
continuum, the texture of a typical XRD pattern may be described by the following
components: peak positions, intensities and shapes of multiple Bragg reflections. Each
of the three components contains information about the crystal structure of the
material under investigation, properties of the sample and instrumental parameters, as
summarized in Table 4.I. Some of these parameters are the sole reason in defining a
particular component of the XRD texture, while others result in various distortions. In
conjunction with the influence of the instrumental parameters, there are two types of
crystallographic parameters necessarily define the structure of every texture. These
two factors are namely the unit cell dimensions and atomic structure, i.e. the unit cell
content and relative spatial distributions of atoms in such a unit cell. Consequently,
any XRD texture can be constructed or modeled through four main steps.
Pattern Component

Structural

Sample Parameters

Parameters

Instrument
Parameters

Peak Position Unit cell parameters

Absorption and

Source wavelength,

(cell dimensions

porosity

sample alignment

and angles)
Peak Intensity

and beam width

Atomic parameters

Preferred

Geometry (sample

(relative atom

orientation in

to source distance

positions)

addition to

employing inverse

absorption and

square law) and
66

porosity
Peak Shape

Crystallography,

configuration

Grain size, stress Line width, spectral

disorder and defects

and strain

purity and beam
conditioning

Table 4.I: Summary of the major parameters affecting the various diffraction pattern
components
1. Positions of Bragg peaks are settled from Braggs' law as a function of the
wavelength and the inter-planar distances, i.e. the well known “d-spacing”. The latter
can be easily calculated from the unit cell dimensions. It is worth noting that Miller
indices “h”, “k” and “1” are integers; this results in d-values and Bragg angles that
vary discontinuously depending on the values of Miller indices and unit cell
dimensions. Bragg angles are also dependent on the employed wavelength. An
illustrative example of the discontinuous distribution of Bragg angles is shown using
the short vertical bars of equal length in Fig. 4.10.a.

Figure 4.10: Schematic illustration of the four basic steps of constructing the
intensity-angle dependence of a XRD texture

67

2. The intensity of any maxima is a function of the periodicity of the unit cells
(so-called scattering centers). Therefore, the intensities can be calculated for
individual Bragg peaks from the structural model. Such model requires the knowledge
of the coordinates of atoms in the unit cell together with other relevant atomic and
geometrical parameters. The influence of the varying intensity on the formation of
XRD pattern is illustrated using the varying lengths of the bars in Fig. 4.10.b where
the longer the bar is the higher the intensity is. Certain combinations of Miller indices
may have zero or negligibly small intensity, so their corresponding Bragg reflections
disappear or become undetectable in the texture.
3. The shape of Bragg peaks is usually represented by Gaussian or a bell-like
function which is sometimes called “Peak Shape Function” (PSF). The PSF is weakly
dependent on the crystal or lattice structure. PSF is the convolution of various
individual functions, established by the instrumental parameters and to some extent by
the properties of the specimen (according to Table 4.I). Each PSF can be modeled
using instrumental and specimen characteristics, although in reality the modeling is
difficult. In fact, it is performed mostly by using various empirical PSF and
instrumental parameters. If the radiation is generally chromatic, i.e. not strictly
monochromatic (i.e. both K and K2 components are present in the beam), the
resultant peak includes contributions from both components as illustrated in Fig. 4.11.
Thus, vertical bars with different lengths are replaced by their corresponding PSF, as
demonstrated in Fig. 4.10.c. It should be noted that although the relative intensities of
different Bragg reflections may be adequately represented by the lengths of the bars,
this is no longer correct for peak heights: the bars are one-dimensional and have zero
area. However, peak area is a function of the full width at half maximum which

68

actually varies with Bragg angle. Individual peaks should have their areas
proportional to their reflections’ intensities.

Figure 4.11: Schematic illustration of peak broadening effect as a direct consequence
of uncontrolled spectral purity (i.e. chromatic source)
4. Finally, the resultant XRD texture is a sum of the individual peak shape
functions in Fig. 4.10.c. and a background function as illustrated in Fig. 4.10.d where
the background function is assumed to be constant for simplicity. It is worth noting
that it is generally simple to model the XRD texture when the crystal structure of the
material is known (the peak shape parameters are empirical and the background may
be typically measured for a given instrument). On the other hand, the determination of
the crystal structure from XRD data is much more complex. First of all, individual
Bragg peaks should be located on the pattern, and both their positions and intensities
determined by fitting to a certain PSF, including the background. Second, peak
positions are used to establish the unit cell symmetry, parameters and content. Third,
peak intensities are used to determine space group symmetry and coordinates of
atoms. Fourth, the entire texture is used to refine all crystal and PSF parameters,
including the background. Modern systems, including the one employed in this effort,
make use of peak-fitting in addition to background elimination signal processing in
order to retrieve the correct peak positions and intensities.
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4.5.3 XRF

AND

XRD DATA ANALYSIS

It has been found that the background pressure influences the particulates sizes and
density as discussed in the previous sections. However, it is demonstrated in this
section that it affects the elemental composition of the deposited films. Not only the
deposition pressure, but also the laser energy density or fluence has been found to
affect the stoichiometry of the deposited films. This fact is clear from the X-Ray
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Fluorescence (XRF) data plotted in Figs. 4.12 and 4.13.
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Figure 4.12: the dependence of relative elemental compositions in (Bi0.25Sb0.75)2Te3 on
the deposition pressure
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Figure 4.13: the dependence of relative elemental compositions in (Bi0.25Sb0.75)2Te3 on
the laser energy density (at a deposition pressure of 0.1 mbar)
It is declared in Fig. 4.12 concerning the effect of deposition pressure on the
elemental composition of p-type Bi0.5Sb1.5Te3 thin films that bismuth concentration
decreases from 18% to 10% and tellurium concentration increases from 33% to 40%
when the deposition pressure increases from 10-3 to 10-1 mbar. The fact that the
deposition pressure results in stoichiometry drifts has been attributed to the different
plume expansion profiles for the various elements (e.g. bismuth, antimony and
tellurium in the p-type ternary alloy) constituting the compound as well as the unequal
effect of background pressure variation on such plume expansion profiles. This fact
also uncovers the ability of the deposition pressure to be used to tune the elemental
composition of the deposited thin film. The same behavior can be observed for the ntype ternary alloy. Moreover, Fig. 4.13 reveals the fact that the laser energy density
has a less remarkable effect on the elemental composition of the deposited films. This
has been attributed to the fact that an increase in the ablation fluence is always
associated with an increase in particulates sizes and density as discussed previously.
In order to confirm this fact, it has been instructive to investigate the effect of
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substrate temperature on the elemental composition especially at high temperatures
when the grain microstructure is likely to change dramatically (cf. Fig. 4.8.b). This is
thoroughly demonstrated in the following XRD analyses. Besides, based on the effect
of the laser energy density on the film stoichiometry which matches the literature, it
has been recommended to process such compounds at relatively low laser energy
densities in order to reduce the particulates’ sizes and density, thus leading to less
stoichiometry drifts, without a great degradation in the film growth rate.
Furthermore, the effect of the deposition pressure revealed by the XRF
analysis displayed above in Figs 4.12 and 4.13 is confirmed for the same alloy in Fig.
4.14, for the same deposition pressure range. It is evident from the inspection of the
various textures at the deposition pressures 10-5 mbar, 10-3 mbar, 10-2 mbar and 10-1
mbar relative to that of the target that the stoichiometry of the deposited thin films is
not the same as that of the target. This is implied by the dissimilar textures for the fact
that such alloys are single phase compounds, which means that any texture deviation
directly reflects a stoichiometry deviation rather than one or more different phase(s)
for the same stoichiometry. The same observation holds for the n-type ternary alloy.
Actually, the XRF and XRD results for ternary compounds demonstrate that it is
almost impossible to conserve the elemental composition of the target in the deposited
thin films for various combinations of PLD parameters.
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Figure 4.14: XRD patterns showing the dependence of relative elemental
compositions in (Bi0.25Sb0.75)2Te3 on the deposition pressure
Based on the fact that ternary thin films lack to a remarkable extent their target
stoichiometry, p-type binary alloys Bi55Te45 and Bi64Te36 have been introduced to be
investigated within this thesis in order to examine whether the same lack of
stoichiometry holds. In fact, tuning or controlling the various PLD parameters have
thought to be easier in the case of two elements, bismuth and tellurium, rather than
three elements (each element has its own spatial and velocity distribution of its
ablated species), thus widening the tuning or optimization range of such Bi-Te alloys.
It is worth mentioning that the crystal structure of Bi 1-xTex (30 %< x<60%) has been
thoroughly investigated in literature [25-32]. It should be noted that such binary alloys
are not stable as their ternary counterparts as indicated in chapter three from the steep
dependence of their thermoelectric properties on the relative bismuth and tellurium
concentrations. However, the two selections concerned in this chapter, Bi 55Te45 and
Bi64Te36, also eliminate the effect of the steep changes in the thermoelectric properties
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which are typically localized in the range of Tellurium concentration between 50%
and 60% [33]. As mentioned previously, the observations regarding the effect of the
laser energy density in inducing stoichiometry drifts can be confirmed by XRF and/or
XRD for the substrate temperatures as high as 500°C and 600°C. In fact, it is clear in
the effect of substrate temperatures from 200°C to 600°C on the p-type Bi 64Te36 film
textures displayed in Figs. 4.15.a-e. By investigating the target texture, it is clear that
the target has a dominant (107) peak. The intensities of the (0 1 14) and (110) peaks
are almost 50% and 40%, respectively, of the dominant peak. Such an XRD pattern is
a typical characteristic pattern of a rhombohedra structure [3]. This is even in
complete agreement with the Bi-Te properties overviewed in chapter three. By
comparing the location of the peaks of the target and those of thin films deposited at
different temperatures, it is clear that peaks generated from Bi64Te36 samples deposited
at 200C and 300C are located at almost the same position as those of the target.
Thus, the films appear to have almost the same target’s texture thus having the same
target’s stoichiometry. On the other hand, the XRD pattern in Fig. 4.15.d shows that
increasing the substrate temperature to 500C results in a significant change in the
texture, which is inferred from the dominant (0021) peak. This change is actually due
to stoichiometry change. Moreover, a splitting of the (107) peak is observed. As the
substrate temperature increases to 600C, a more dramatic change in the texture
appears which is associated by some shifts in peak positions with respect to those of
the target, thus indicating a change in the elemental composition of the film. It is
worth mentioning that the observed change in the elemental composition at high
temperature has been previously reported and attributed to Tellurium evaporation or
deficiency [34]. Thus, it can be concluded that the elemental composition of Bi 64Te36
is preserved as long as the substrate temperature is lower than 300C. Besides, the
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stoichiometry deviations at relatively high substrate temperatures, e.g. 500C and
600C, confirm what was highlighted previously concerning the effect of laser
fluence on the stoichiometry of the deposited films. This is due to the fact that any
increase in the laser fluence is essentially associated with more particulates and
material splashes (cf. Figs 4.2.a-e). This is in perfect agreement with literature [22]
where such particulates, droplets or splashes of molten material are generally offstoichiometric (cf. Figs 4.15.d and 4.15.e).
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Figure 4.15: XRD patterns for Bi64Te36 target and deposited thin films revealing the
effect of the substrate temperature on the relative elemental compositions of the
deposited thin films with respect to that of the target
If the tellurium concentration is increased to be 45% as in the second p-type
binary alloy Bi55Te45, the XRD textures in Figs. 4.16.a-e demonstrate that the
elemental composition is no longer conserved at temperatures as high as 300C as in
the case of Bi64Te36. This is again attributed to the effect of tellurium evaporation
mentioned above. However, the effect appears to be more pronounced in this case. In
such case, films deposited at 200C uniquely have found to possess the same
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elemental composition as that of the target. When the deposition temperature is
increased to 300C, the dominant peak is shifted to (0 0 21) as indicated in Fig.
4.16.b, and the peak positions start to shift from that of the target thus indicating a
change in the elemental composition of the deposited thin films. Such stoichiometry
drifts are more pronounced at higher temperatures such as 500C and 600C as
revealed clearly by the textures in Figs 4.16.d and 4.16.e. Consequently, it seems that
as the tellurium concentration is increased, it is recommended to lower the substrate
temperature in order to conserve the target’s elemental composition in the deposited
thin films. As a result, a reasonable selection of the substrate temperature for Te
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Figure 4.16: XRD patterns for Bi55Te45 target and deposited thin films revealing the
effect of the substrate temperature on the relative elemental compositions of the
deposited thin films with respect to that of the target
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4.6 EFFECT

OF

PLD PARAMETERS

ON

THERMOELECTRIC

PROPERTIES
After the discussion presented in the previous sections regarding the various
effects of PLD parameters, i.e. laser fluence, deposition pressure and substrate
temperature, on the grain microstructure and elemental composition of the deposited
Bi-Te thin films, it has been necessary to move from the micro-investigation of the
different effects of such parameters to the macro-investigation of their effects on the
thermoelectric properties of the deposited thin films, namely, their Seebeck
coefficients and electrical conductivities. In fact, the electrical conductivity is well
known to reflect the main aspects of the grain microstructure of thin films. Moreover,
the Seebeck coefficient and the electrical and thermal conductivities are all sensitive
to the elemental composition of the films as demonstrated in chapter three.
Consequently, it is evident that the direct measurements of Seebeck coefficient and
electrical conductivity allow predicting the grain microstructure and stoichiometry
drifts, if any. Furthermore, these measurements are essential in order to estimate and
optimize the thermoelectric power factor, and accordingly the figure of merit Z of the
various thin films.
As indicated above, the polycrystalline nature of the p-type (Bi 0.25Sb0.75)2Te3
thin films and the effect of the substrate temperature on the grain microstructure can
be predicted through their electrical conductivity measurements by means of Four
Point Probe (FPP) technique and correlated to the TEM cross-sections investigated in
section 4.4. The electrical resistivity results plotted in Fig. 4.17 reveal that the thin
films deposited at room temperature have the highest electrical resistivity which is in
the vicinity of 700 mcm. This is mainly due to the fact that these films are mostly
amorphous as in the bottom part of the thin film displayed in Fig. 4.5. When the
77

substrate temperature increases to 200C, the electrical resistivity drops dramatically
to 24 m.cm, which is attributed to the partially polycrystalline structure of the
deposited thin films at such a substrate temperature (cf. Fig. 4.6). When the substrate
temperature increases to 400C, the electrical resistivity drops again to a minimal
value of 4 m.cm. This is mainly due to the fully polycrystalline nature of the thin
films (cf. Fig. 4.7). It is worth mentioning that further increase in the substrate
temperature above 400C results in increasing the electrical resistivity. This is most
probably due to tellurium evaporation. Such tellurium deficiency increases the
electrical resistivity significantly (by reducing the amount of charge carriers in the
sample) with the increase of substrate temperature. The same trend as well as charge
carrier deficiency has been noticed for the ternary n-type alloy.
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Figure 4.17: The dependence of the electrical conductivity of the different p-type
binary and ternary alloys on the substrate temperature
By measuring the electrical resistivity of p-type binary alloys, it has been
found that using such alloys has reduced the electrical conductivity remarkably with
respect to that of their ternary counterparts. These results and trends are demonstrated
in Fig. 4.17. It is evident that the electrical resistivity of such alloys is much lower
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than that of the ternary alloy, especially at low substrate temperatures, below 200C.
In this range, the electrical resistivity of Bi55Te45 and Bi64Te36 is in the vicinity of 2
mcm. Moreover, a detailed inspection of the dependence of the electrical resistivity
of the two binary alloys on the substrate temperature shows that the effect of tellurium
deficiency starts to be more evident at temperatures as high as 300C when the
tellurium concentration is 45%, i.e. for the Bi55Te45 alloy. This phenomenon is not
relevant when the tellurium concentration is reduced to 36% as in the case of Bi64Te36,
and the electrical resistivity is less sensitive to the increase of the substrate
temperature. This vehemently confirms the results investigated by XRD in the
previous section where this effect has been attributed to the fact that as Te
concentration increases, the tellurium deficiency problem becomes more pronounced.
The investigation and optimization of the electrical resistivity is not sufficient
to optimize the thermoelectric performance of the deposited thin films. In fact, such
optimization must be done through the power factor of the samples. Thus, the
Seebeck coefficient of the various samples must be also measured. It can be inferred
from Fig. 4.18 that Seebeck coefficient changes from 114 V/K to about 105 V/K
for a deposition pressure change from 10-5 mbar to 10-2 mbar respectively. Moreover,
when the deposition pressure varies further from 10-2 mbar to 10-1 mbar, the Seebeck
coefficient degrades dramatically from 105 V/K to the vicinity of 53 V/K. Such
behavior for the ternary p-type thin films is attributed to the change in the relative
elemental concentration of both Bismuth and Tellurium associated with the change in
the deposition pressure.
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Figure 4.18: The dependence of Seebeck coefficient of (Bi0.25Sb0.75)2Te3 thin films
deposited at room temperature on the deposition pressure
However, it should be emphasized that whether the change in the value of
Seebeck coefficient is small or large, this change cannot be directly correlated to a
small or large change in the relative elemental composition of the various
constituents. In fact, this helps to investigate the effect of PLD parameters such as the
deposition pressure qualitatively, and this is mainly due to that such correlation
depends on the Seebeck coefficient to stoichiometry relation, which may not
necessarily be available. Based on the fact that the above findings regarding the
variation of Seebeck coefficient with the deposition pressure, the observations in
TEM, XRF and XRD analyses are confirmed by macro-experimentation or direct
measurements of the thermoelectric properties. As mentioned previously, these
measurements are more or less essential in order to optimize the thermoelectric
performance of the deposited thin films. The whole set of optimization results are
discussed later in section 4.9 concerning the analysis of the overall data. Based on the
findings in this section as well as the previous section, the available data and
information regarding the various effects of the different PLD parameters are fairly
enough to characterize the available Bismuth Telluride alloys. Besides, this work has
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focused on the effect of post-processing thermal treatments, namely, thermal
annealing and pulsed laser annealing, in improving the thermoelectric properties of all
the samples investigated. The results of such treatments are presented in the next two
sections.

4.7 EFFECT

OF

THERMAL ANNEALING

Post-processing techniques are widely adopted in enhancing the physical
properties of thin films. Thermal annealing is the most common technique. For
instance, it is well known that the thermal annealing of metallic conductors such as
copper enhances its electrical and thermal conductivities.
Hot plate thermal annealing in N2 gas flow has been investigated for all
samples at different annealing temperatures. Fig. 4.19 combines some of the results
available for the effect of thermal annealing on the Seebeck coefficients of ternary ptype (Bi0.25Sb0.75)2Te3 thin films. As revealed from Fig. 4.19, the Seebeck coefficients
of the samples deposited at temperatures as low as 200C without any thermal posttreatment is always low, i.e. in the vicinity of 20 V/K. On the other hand, thermal
annealing shows various responses for different combinations of deposition pressures
and substrate temperatures. The highest Seebeck coefficient is around 100 V/K. This
value is attained for samples deposited at room temperature, 10 -5 mbar and then
annealed for an hour at 350C (squares in Fig. 4.19). It is noticeable that as the
substrate temperature is increased, the effect of the thermal annealing temperature in
improving Seebeck coefficient is less pronounced. This is clear in the behavior of
films deposited at 200C. This is mainly due to the fact that when the substrate
temperature is increased, the microstructure of the sample is well developed.
Consequently, it is difficult to improve it remarkably by thermal annealing at
temperatures close to the deposition temperature. It is worth mentioning that thermal
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annealing has generally been found to enhance the overall thermoelectric power factor
significantly. This is obvious upon combining the improvements of Seebeck
coefficients noticed in Fig. 4.19 with the electrical resistivity enhancements similar to
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those displayed in Fig. 4.17.
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Figure 4.19: The dependence of Seebeck coefficient of various (Bi0.25Sb0.75)2Te3 thin
films on the thermal annealing temperature

4.8 EFFECT

OF

LASER ANNEALING

From the previous section, it has been demonstrated that thermal annealing
can be employed efficiently in enhancing the thermoelectric performance of Bi-Te
thin films. However, if such thin films are deposited on top of prefabricated
electronics or integrated on top of other layers in a thermoelectric device, the situation
is different and thermal annealing may then introduce damages or diffusions in the
underlying layers. This necessitates the use of an alternative surface treatment
technique capable of treating surfaces and thin films without affecting the underlying
layers, if any. In fact, the pulsed laser annealing is then the best choice [11]. This
technique can actually be perceived as a localized thermal treatment as it is capable of
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treating shallow surface layers while keeping the rest of the underlying layers at
almost room temperature exactly as the laser pulse in an ablation process exfoliates
the target’s surface while keeping the underlying layers away from being heated.
Actually, the improvement in physical properties of laser annealed materials usually
slightly outperforms that associated with thermal annealing for the same material.
However, the main limitation to such a powerful technique is that a relatively high
laser energy density results in a complete ablation rather than surface treatment of thin
films. Moreover, the non equilibrium nature of pulsed laser-material interaction in
addition to its associated melting, nucleation and aggregation processes are not wellunderstood till now [22]. Such limitations makes thermal annealing better for
enhancing physical properties of thin films, again if there are no underlying layers or
per-fabricated electronics to worry about.
In order to investigate the effect of pulsed laser annealing on the
thermoelectric properties of the samples, the electrical resistivity of the as grown thin
films of p-type (Bi0.25Sb0.75)2Te3 has been measured after exposing the samples to
various laser annealing energy densities. When the samples are exposed to a 40
mJ/cm2 single laser pulse, their electrical resistivities drop dramatically from 700
mΩcm to around 4 mΩcm. This value is attainable by deposition at a substrate
temperature 400°C as mentioned above. This remarkably shows to a great extent the
out-performance of laser annealing over thermal annealing. It is worth mentioning
that the electrical resistivity further drops to 1.2 mΩcm when the thin films are
exposed to a 100 mJ/cm2 single laser pulses. It should be noted that the energy density
of the laser pulse must be well controlled for the fact that a relatively high energy
density could result in complete ablation of the deposited film rather than further
enhancement of the electrical resistivity. This is well demonstrated in the SEM image
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in Fig. 4.20 where the thin film is exposed to a 200 mJ/cm2 laser pulse which did
ablate the thin film connecting between the embedded clusters (cf. Fig. 4.20) resulting
in an infinite electrical resistivity rather than enhancing it more.

Figure 4.20: SEM image of a 0.7m thick (Bi0.25Sb0.75)2Te3 thin film deposited at room
temperature showing the unexposed part (left) and the 200mJcm-2 single pulse
exposed part (right) showing the total ablation of the deposited thin film
Similar results and trends of laser annealing enhancements have been achieved
for the ternary n-type alloys as well as the two p-type binary alloys. Finally, even
though the laser pulse did ablate completely the p-type (Bi0.25Sb0.75)2Te3 thin film
completely, it is worth noting that the fact that single laser pulses can ablate a predeposited thin film or a target’s surface of any material under investigation is still
very useful in determining the ablation fluence threshold of that material.

4.9 DATA ANALYSIS
This section is intended to put-all-together the analysis of the micro- and
macro- characterization data presented in sections 4.3 to 4.8 regarding the various
effects of PLD parameters. This data summary is essential in order to select the
optimal processing conditions for each alloy as well as define the different
compromises needed between the effects of PLD parameters as demonstrated later in
this section. Moreover, putting all the data analyses together is necessary for

84

developing the whole PLD processing know-how of Bi-Te alloys. Furthermore, at the
end of this section, the optimal results for binary and ternary alloys are listed.
As mentioned previously, the ternary p-type alloy (Bi0.25Sb0.75)2Te3 was the
first compound to examine. The primary results for such alloy have been really
promising. Also they have revealed that PLD can be used efficiently to deposit
Bismuth Telluride based compounds. This is clear from the effect of the background
pressure, substrate temperature and laser energy density on the elemental
composition, surface roughness, grain microstructure and thermoelectric properties of
the deposited thin films. In fact, laser energy could be adjusted to improve the surface
roughness of the deposited films without noticeably affecting their elemental
compositions, which in turn could be tuned by the deposition pressure and its optimal
value depends on the desired physical and thermoelectric properties of the deposited
thin films. The deposition parameters have seemed to be uncoupled to a beneficial
extent; thus necessitating the need to have deeper insight on the effect of the
deposition parameters on the deposited film properties. This is actually due to the fact
that the optimization or decoupling window seems to be really small, as demonstrated
later in this section. Moreover, the effect of deficiency in tellurium atoms in raising
the electrical conductivity when the substrate temperature increases to 400C lead to
the fact that it might really be instructive to consider a binary alloy of bismuth and
tellurium and then expand the investigation and analysis to the ternary p-type and ntype alloys in order to have a deeper insight on the effect of the whole combination of
the deposition parameters, namely, the laser energy density, deposition pressure and
substrate temperature.
Based on the available data in literature, it has been suitable to select a binary
alloy where the tellurium concentration is lower than 50%. This choice eliminates the
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effect of the steep changes in the film properties that are typically located in the
vicinity of tellurium concentration between 50% and 60%. A reasonable approach
would be to start by investigating an alloy with tellurium concentration around 35%
and then analyze the effect of increasing the tellurium concentration significantly.
The XRD textures displayed in Fig. 15 demonstrate the effect the deposition
temperature has on changing the texture of Bi64Te36 films relative to that of the target.
By comparing the location of the peaks of the target and those of films deposited at
different temperatures, it is obvious that the peaks generated from the samples
deposited with substrate temperatures of 200C and 300C are located at nearly the
same position as that of the target. As a result, the film has the same target
composition as all the Bi-Te alloys investigated are single phase compounds. In
addition, the textures of those two samples follow that of the target. This also
confirms the fact that using a laser fluence of 0.55 J/cm 2 and deposition pressure of
10-1 mbar is sufficient to conserve the target’s elemental composition on the deposited
thin films of such an alloy.
On the other hand, the texture in Fig. 15.d shows that increasing the substrate
temperature to 500C results in a significant change in the film texture. When the
substrate temperature increases to 600C, more dramatic change in the film texture
appears. This actually indicates a change in the film’s elemental composition. The
observed change in the elemental composition at high substrate temperature has been
previously reported, and it is attributed to tellurium evaporation, thus leading to
tellurium deficiency. As a result, it can be concluded that the elemental composition
of Bi64Te36 can be preserved at substrate temperatures no more than 300C.
The TEM cross-sections in Figs. 8.a and 8.b give more insight to the effect of
the deposition conditions on the grain microstructure at substrate high temperatures. It
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can be noticed from Fig. 8.a that films deposited at 300C are almost fully
polycrystalline with V-shaped grains. In contrary, thin films deposited at 600C have
completely different grain microstructure having spherical larger grains as declared in
Fig. 8.b. This is due to the fact that such high substrate temperature exceeds the
melting point of such alloy thus resulting in different phase.
When the tellurium concentration is increased to 45% in a bismuth telluride
binary alloy, the XRD patterns displayed in Fig. 16 show that the elemental
composition is no longer preserved at 300C, for the fact that tellurium evaporation or
deficiency is more pronounced. In this case, only thin films deposited at 200C have
nearly the same elemental composition relative to that of the target. As the substrate
temperature is increased to 300C as in Fig. 16.b, the peak positions start to shift from
that of the target indicating a change in the elemental composition as in the case of
Bi64Te36. This fact is more pronounced at higher substrate temperatures, especially at
500C and 600C as in Fig. 16.d and 16.e respectively, where the films’ textures
deviate significantly from that of the target. Thus, it can be concluded from the
investigation of the XRD of the two binary alloys that when the tellurium
concentration is increased, it is recommended to decrease the substrate temperature in
order to conserve the target’s elemental composition. Consequently, a reasonable
substrate temperature for Te concentrations around 50% would be no more than
200C.
At this point, there are enough information about the role of varying the
tellurium concentration and the substrate temperature on the film’s elemental
composition. Now, the analysis of the ternary alloys, namely Bi0.5Sb1.5Te3 and
Bi2Te2.82Se0.18 can be started. For both ternary alloys, the tellurium concentration is
significantly higher than that of bismuth and accordingly, it might be better to limit
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the deposition temperature to 200C, or even lower, and study the effect of the laser
pulse energy density and the deposition pressure.
The SEM images displayed in Figs. 2.a-e demonstrate the effect of the laser
energy density and deposition pressure for p-type Bi0.5Sb1.5Te3 films deposited at room
temperature. By inspecting the figures, it is clear that for a pulse energy density of 0.7
J/cm2, there is a low particulates density at a deposition pressure of 10 -1 mbar.
Decreasing the deposition pressure to 10-3 mbar is associated by a slight increase in
the particulate size (cf. Fig. 2.b). Further reduction of the pressure to 10 -5 mbar results
in a significant increase in the particulate size and density (cf. Fig. 2.c). The increased
particulate density associated with decreasing the deposition pressure indicates that
particulates formation is due to the solidification of liquid droplets expelled from the
target by the recoiled pressure [22]. This is mainly due to the fact that the substrate is
located at about 2 cm from the target. Such a short distance does not allow enough
collisions for the vapor species to form particulates. Thus, the particulates are
expected to be enriched in elements with low vapor pressure, i.e. high boiling point
species (or equivalently species possessing high molar heat or enthalpy of
vaporization) such as tellurium and antimony. On the other hand, the SEM images in
Figs. 2.d and 2.e show that further increase in the laser energy density to 1 J/cm 2 or
higher results in a dramatic increase in particulates sizes and density. For such laser
fluences, it is then expected that the particulates composition will deviate significantly
from that of the target, due to the loss of elements with high vapor pressure, i.e.
bismuth. Accordingly, it is recommended to limit the laser energy density to 0.7 J/cm 2
in order to reduce particulates sizes and density, thus reducing off-stoichiometry
entities. In addition, the deposition pressure should be higher than 10-3 mbar in order
to conserve the elemental composition of the deposited thin film to a great extent. The
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optimal value for the deposition pressure must be decided based on the relation
between Seebeck coefficient and the electrical conductivity as shown later.
In conjunction with the variation of the film’s elemental composition
associated with the variation of the deposition pressure, the fact that the films are
deposited at relatively low substrate temperatures results in a partially polycrystalline
and partially amorphous film microstructure. This combined effect results in thin
films having relatively high electrical resistivities, especially for those films deposited
at substrate temperatures of 200C and lower as revealed by the data displayed in Fig.
17. On the other hand, it is clear that further increase of the substrate temperature to
400C drops the electrical resistivity of Bi 0.5Sb1.5Te3 to the vicinity of 4 mcm thus
indicating that the film is fully polycrystalline at such a high temperature. However,
this film is tellurium deficient having a negative impact on Seebeck coefficient as
shown later.
To alleviate the problem of tellurium deficiency simultaneously with having
relatively low electrical resistivity, it is better to use a binary alloy of Bi and Te. The
squares and diamonds in Fig. 18 show that the electrical resistivities of such alloys are
relatively lower than that of the ternary counterparts, especially at low substrate
temperatures no more than 200C where the electrical resistivity of Bi55Te45 and
Bi64Te36 is around 2 mcm. A detailed inspection of the dependence of the electrical
resistivity of a binary alloy on the substrate temperature shows that the effect of Te
deficiency starts to be pronounced at a substrate temperature of around 300C when
the Te concentration is 45%. Such phenomenon is not relevant when the tellurium
concentration is reduced to 36%, and the electrical resistivity is then less sensitive to
the increase of the substrate temperature.
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For thermoelectric generators (i.e. the targeted application for which these thin
films are optimized), having a relatively high Seebeck coefficient coupled with
relatively low electrical resistivity is of great interest. Hence it is instructive to
investigate the dependence of the Seebeck coefficient on the deposition conditions as
well as the alloy type. By investigating Fig. 20, it is obvious that Seebeck coefficient
of Bi0.5Sb1.5Te3 thin films deposited at substrate temperatures lower than 200C, and
without any thermal treatment, is always relatively low (~ 20 V/K). On the other
hand, thermal annealing shows varied responses for different deposition pressures and
substrate temperatures. The highest Seebeck coefficient is around 100 V/K, and is
achieved for materials deposited at room temperature and 10 -5 mbar and then annealed
on a hot plate in a N2 flow for an hour at 350C (squares in Fig. 20). As the substrate
temperature increases, the effect of thermal annealing temperature in enhancing
Seebeck coefficient is less pronounced as revealed by the data from the thin films
deposited at 200C (diamonds in Fig. 20). This is mainly due to the fact that when the
substrate temperature increases, the film’s microstructure is well developed.
Consequently, it is rare to enhance it by thermal treatment at temperatures close to the
substrate temperature, which in turn may be actually considered as a “graded” thermal
annealing temperature. Accordingly, it is better to start with an amorphous film
having the correct or targeted elemental composition and then crystallize it by thermal
annealing.
To be able to refer the observed behavior of Seebeck coefficients to the
textures of their corresponding thermally annealed films, it is worth referring to the
XRD patterns displayed in Fig. 14. By inspecting the positions and intensities of the
various peaks, it is obvious that after the thermal treatment, all thin films deposited at
10-2 mbar or lower have similar textures characterized by having a dominant (1115)
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orientation, which does not even exist in the target. Furthermore, there is a noticeable
shift in the positions of few peaks, which is pronounced in the location of the (009)
and (1010) peak (cf. Fig. 14). However, as the deposition pressure increases to 10 -1
mbar, the peak positions start to get closer to that of the target but being anyway not
identical, thus revealing that the film’s elemental composition of the target is not fully
conserved in the deposited film. This is mainly due to the fact that Bi0.5Sb1.5Te3 is
actually composed of three elements having significant differences in their atomic
masses, melting points, and boiling points, i.e. different energy of vaporization or
accordingly different vapor pressures. This results in different plume expansion
profiles for the vapors of such elements upon being ablated or extracted from the
target. Heavy or less volatile elements, such as bismuth, will be more forwarddirected and confined towards the substrate, whereas, lighter elements as tellurium
and antimony will have broader spatial distributions. As a result, the film’s elemental
composition must anyway deviate significantly from that of the target as confirmed by
the XRD measurements (cf. Figs. 14.a-d). On the other hand, increasing the
deposition pressure does result in a significantly more forward-directed beam for the
heavier elements. Accordingly, the variations in the film’s elemental composition are
noticeably reduced, but it is still not identical to the target due to deficiency in
antimony. This conclusion is also based on the fact that a binary alloy of Bi and Te is
found to be much more stoichiometric at a deposition pressure of 10 -1 mbar and 0.7
J/cm2 as demonstrated in the XRD patterns in Figs. 15 and 16. In addition, the melting
and boiling points of antimony are higher than those of bismuth and tellurium, and
accordingly, the ablation threshold is expected to be higher as well. Thus, the
antimony deficiency might be due to the relatively low laser energy density. But
further increase of such energy density results in a noticeable increase in the
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particulate density, which again affects the elemental composition of the deposited
thin film as previously demonstrated by introducing particulates and splashes. It can
be inferred from all of the above analysis and inspection that the optimization range or
window, limited mainly by the tuning and preservation of the elemental composition
of a deposited thin film, is remarkably wider for binary Bi-Te alloys. This may be
easily perceived by comparing the probabilities of preserving or controlling the
elemental composition of two elements in a binary alloys with respect to that of three
elements in their ternary counterparts.
Finally, to be able to select the optimal conditions for preparing a high
performance thermoelectric generator, it is better to refer to the power factors of the
various samples since this reflects the figure of merit for such compounds thus
determining the performance of their based thermoelectric generator. Table 4.II
overviews the effect of the different PLD processing parameters on the power factor
of the various compounds. The data reported for all p-type samples is that of films
thermally annealed at 350C for an hour whereas the data for n-type samples is that of
the as grown films. A detailed inspection of the data shows that the highest power
factor is not necessarily that of films having the highest Seebeck coefficients as in
most cases these films have relatively high electrical resistivities. For p-type films, it
turns out that films deposited at a substrate temperature of 100C and in a deposition
pressure of 10-1 mbar have a power factor close to that of films deposited at room
temperature and 10-5 mbar. This fact gives more freedom in optimizing the different
physical properties of the film since the substrate types are different in the two cases
revealing some dependence on the substrate type, so this allows actually for
optimizing such alloys while enhancing film adhesion (which depends on the
substrate type), reducing stress, etc. It is also interesting to note that p-type films
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prepared by the binary alloys Bi55Te45 or Bi64Te36 have a reasonable power factor that
can be further optimized by tuning the percentage of both bismuth and tellurium as
demonstrated in the next chapter. It is also worth mentioning that by investigating the
whole data set of power factors for ternary and binary alloys upon being pulsed-lasertreated, it has been found that the maximum possible enhancement of a power of
factor has been generally limited to no more than 30%.

TABLE 4.II: THE

DEPENDENCE OF THE POWER FACTOR FOR

BISMUTH TELLURIDE

BASED COMPOUNDS PREPARED UNDER

DIFFERENT CONDITIONS

Material Type

Substrate Deposition Deposition
Type

Pressure

Seebeck

Resistivity Power

Temperature Coefficient ()

factor

(S)
(Bi0.25 Sb0.75)2Te3

SiO2

10-5 mbar

Room

114 V/K

Temperature

3.2
m.cm

(Bi0.25 Sb0.75)2Te3

SiN

0.1 mbar

100C

74 V/K

1 m.cm

(Bi0.25 Sb0.75)2Te3

SiN

0.01 mbar

200C

36 V/K

1.5
m.cm

(Bi0.25 Sb0.75)2Te3

SiN

0.1 mbar

200C

60 V/K

2.38
m.cm

(Bi0.25 Sb0.75)2Te3

SiO2

0.1 mbar

200C

53 V/K

1.34
m.cm

Bi2(Te0.94Se0.06)3

SiN

0.1 mbar

100C

-70 V/K

121
m.cm
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Bi2(Te0.94Se0.06)3

SiO2

10-5 mbar

Room

-160 V/K

Temperature

8.8
m.cm

Bi2(Te0.94Se0.06)3

Resist

0.01 mbar

100C

-100 V/K

22 m.cm

Bi55Te45

SiO2

0.1 mbar

300C

+60 V/K

1.5
m.cm

Bi64Te36

SiO2

0.1 mbar

200C

+52 V/K

1.45
m.cm

4.10 SUMMARY
This chapter presents an experimental method for preparing high quality
Bismuth Telluride based thin film by pulsed laser deposition. The sample preparation
and PLD experimental setup have been covered in detail. Moreover, the various
effects of the main deposition parameters, namely, laser energy density, background
gas pressure and substrate temperature on the surface roughness, microstructure,
elemental composition and thermoelectric properties has been demonstrated for the
different Bismuth Telluride alloys considered in this thesis. Furthermore, the role of
thermal annealing as well as pulsed laser annealing in enhancing the thermoelectric
materials has been investigated. Finally, the combined data have been analyzed in
order to determine the processing conditions for the optimal alloy having the highest
power factor. It has been concluded that binary Bismuth-Telluride alloys are the
optimal choice in order to conserve the elemental composition of the target.
Moreover, the results are then more stable and reproducible.
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CHAPTER FIVE
OPTIMIZATION OF BISMUTH TELLURIDE BINARY ALLOYS
PREPARED BY PULSED LASER DEPOSITION
5.1 INTRODUCTION
After investigating the various advantages of binary alloys over their ternary
counterparts in chapter four, this chapter summarizes the experimental results of
pulsed laser deposited thin films of the optimal Bismuth Telluride (Bi-Te) binary
alloys recently probed in this work. Such overview of experimental results helps
investigate and clarify the feasibility of the optimization procedure of such
thermoelectric compounds as well as determine the optimal PLD processing
parameters, namely, laser energy density, background pressure and substrate
temperature. Moreover, it facilitates estimation of the optimal Bismuth and Tellurium
concentrations necessary for thin films possessing high thermoelectric figures of
merit. Furthermore, the effect of the thermal and pulsed laser treatment on the
physical and thermoelectric properties of the as grown thin films can be studied based
on the experimental data listed in this chapter.

5.2 THERMOELECTRIC RESULTS OF BINARY BI-TE ALLOYS
Based on the results discussed in chapter four, there has been a dire need to
further optimize the active material, i.e. binary Bismuth Telluride alloys. This
optimization procedure necessarily requires the investigation of more binary
elemental compositions of such alloys. By referring to the physical and thermoelectric
properties of binary Bi-Te alloys overviewed in chapter three, it has been instructive
to consider Bi36Te64 for the fabrication of the n-type thermo-element of the targeted
thermoelectric generator. The reason behind this selection lies in the fact that this
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elemental composition insures having the highest possible thermoelectric figure of
merit for such binary alloy, as highlighted previously in chapter three. Besides, the
same reasoning holds for the selection of Bi45Te55 as the active material for the p-type
thermo-element. The optimal results of PLD thin films of these two compounds are
listed in table 5.I. After inspecting the whole data set, it can be found that for both
compositions, the optimal processing condition leading to the highest thermoelectric
power factor, i.e. highest figure of merit, is for a substrate temperature of 200°C and a
chamber pressure of 10-5 mbar with no background gas. These values outperform the
optimal ones for both p-type alloys Bi55Te45 and Bi64Te36 listed previously in table II in
chapter four, thus reproducing the same data trend found in literature regarding such
binary alloys and overviewed in chapter three. The laser energy density for deposition
of all samples was 400 mJ/cm2. Such energy density ensures ablating both targets
fairly enough above their threshold values simultaneously without introducing lots of
off-stoichiometric particulates thus conserving the elemental composition of thin
films as well as improving their surface topology for further processing or patterning.
It is worth noting that this substrate temperature (which may actually be considered as
a “graded” thermal annealing temperature) is limited to such value in order to
conserve the elemental composition of the deposited thin films, as demonstrated in
chapter four regarding binary alloys.
Table 5.I: Optimal Results for the Power Factor of As-Grown Thin Films of N-type
Bi36Te64 and P-type Bi45Te55 Compounds where “RT” stands for “Room Temperature”
Substrate
Deposition

Thicknes

Pressure

s

(mbar)

(nm)

Coefficien

Factor

t

(W/mK2

(V/K)

)

Resistivity

e
(C)

Power

Electrical

Temperatur
Bi %

Seebeck

(mΩcm)

100

36

200

10-5

280

1.833

78

331.9

36

200

0.1

430

3.56

70

137.6

36

RT

10-5

300

19

187

184

36

RT

0.1

300

157

161

16.5

45

200

10-5

227

1.42

70

345

45

200

0.1

460

13.5

80

47.4

45

250

10-5

377

3

65

140.8

45

300

10-5

300

1.72

63

230.7

45

250

10-5

273

2.15

76

268.6

45

RT

10-5

300

3

77

197.6

45

RT

0.1

300

57

99

17.1

In addition to the data set summarized in Table 5.I, Table 5.II lists the optimal
results for the same samples after being laser annealing. It should be noted that
thermal annealing also improve the thermoelectric properties and accordingly the
thermoelectric figure of merit to a great extent, exactly as demonstrated in chapter
four. This is again predictable as substrate temperatures higher than room temperature
enhances the structure of deposited thin films thus improving their thermoelectric
performance. However, laser annealing is the post-processing treatment (i.e. rather
than the conventional hot plate thermal annealing discussed in chapter four) which is
much pronounced in this chapter since layer by layer treatment must be developed
prior to fabrication of the targeted multi-layer thermocouple design. By inspecting the
data in Table 5.II, it can be found that the optimal processing pressure is 10 -5 mbar
without any background pressure. It is also noticeable from the data of the n-type
Bi36Te64 alloy that it is instructive to start with an amorphous thin film, then laser treat
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it, or generally thermally treat it. This is perfectly consistent with the previous
conclusion demonstrated chapter four. Each sample was annealed by a single 120
mJ/cm2 laser pulse. This laser energy density has been found as the optimal annealing
value for almost all the samples investigated.
Table 5.II: Optimal Results for the Power Factor of Laser Annealed Thin Films of Ntype Bi36Te64 and P-type Bi45Te55 Compounds where “RT” stands for “Room
Temperature”
Bi

Substrate

Deposition

Thicknes

Electrical

%

Temperatur

Pressure

s

Resistivity

e

(mbar)

(nm)

(mΩcm)

(Celsius)

Seebeck

Power

Coefficien Factor
t
(V/K)

(W/mK2
)

36

200

10-5

280

1.73

17.25

17.1

36

200

0.1

430

2.18

33.4

51.1

36

RT

10-5

300

2

65

211.3

45

200

10-5

227

0.9

48.93

266

45

200

0.1

460

2.87

28

27.3

45

250

10-5

377

1.64

47.6

138.1

45

300

10-5

300

0.42

36

308.5

45

250

10-5

273

0.65

44

297.8

5.3 SUMMARY
The optimization results and their corresponding deposition conditions of the
p-type Bi45Te55 and n-type Bi36Te64 binary alloys are summarized. The data trends for
such alloys found in literature and overviewed in chapter three is reproduced and
accordingly confirmed. The data presented in this chapter are strongly consistent with
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the conclusions based on the thorough investigation of the thermoelectric properties
of ternary and binary alloys conducted in chapter four.
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Chapter Six
Thesis Summary and Conclusion
The possibility of preparing thermoelectric thin films of ternary and binary
Bismuth Telluride compounds by Pulsed Laser Deposition (PLD) technique that are
suitable for being employed in the fabrication of thermoelectrically efficient human
body energy scavengers has been thoroughly demonstrated in this effort. Various
Bismuth Telluride alloys, namely, p-type Bi0.5Sb1.5Te3, Bi64Te36, Bi55Te45 and Bi45Te55
as well as n-type Bi2Te2.82Se0.18 and Bi36Te64, have been investigated. Various material
characterization and measurements techniques have been employed, namely, X-Ray
Diffraction (XRD), X-Ray Fluorescence (XRF), Transmission Electron Microscopy
(TEM), Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM),
Optical Profiler, surface Profiler and Four Point Probe. The limitations of the PLD
Processing to the conventional ternary alloys have been clarified. The advantages of
the binary alloys over their ternary counterparts have been discussed and
demonstrated for films prepared by PLD. Moreover, the dependence of the elemental
composition on the various PLD parameters, namely, laser energy density,
background pressure and substrate temperature in conjunction with the use of such
multi-element alloys has improved the available know-how for PLD technique, which
has already been developing during this thesis. Such critical dependence motivated
the investigation of the feasibility of tuning the elemental composition and examine
its tuning range or window. Furthermore, it is worth mentioning that even the
substrate type may affect the crystallization and crystal orientation as well as the film
adhesion, as in the case of the n-type ternary alloy. This observation is very useful for
the fact that the thin film adhesion, for instance, is a crucial parameter for further
processing, and micromachining of such thin thermoelectric films. Besides, the
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analysis of the experimental results reveals another important feature of PLD that is
the ability to deposit the Bismuth Telluride alloy of concern at room temperature, i.e.
amorphous as grown thin films. This important feature uncovers the ability to start by
an amorphous thin film, and then use thermal or pulsed laser annealing to enhance its
degree of crystallization, thus improving its thermoelectric and physical properties
such as the electrical conductivity. Generally, the improvements achieved by laser
annealing have outperformed slightly those achieved by thermal annealing; however,
as long as there are no underlying layers to worry about, it is better to use thermal
annealing for the fact that laser annealing requires more care to avoid total ablation of
the deposited thin film during its surface treatment. Also, laser annealing requires
optimizing the laser energy density as well as the pulse repetition rate and number of
pulses for surface treatment, which is time-consuming.
The overall performance of the thermoelectric generator has been optimized
by enhancing the electrical conductivity and simultaneously maximizing the sample’s
Seebeck coefficient through the thermoelectric power factor. As mentioned above, it
has turned out that the binary alloys outperform ternary ones. Actually, such
optimization can be achieved more successfully due to the fact that binary Bi-Te
compounds have relatively higher electrical conductivity as revealed by the
thermoelectric data in table 2 at the end of chapter four. The fact that the power factor
of a binary alloy has even been slightly higher unleashes the need to investigate more
p-type and n-type binary alloys, as this might help achieve more optimization or
enhancement in the power factor of deposited thin films of Bismuth Telluride by
PLD. Recently, two binary alloys, namely, n-type Bi 36Te64 and p-type Bi45Te55 have
already been under investigation, and the available results concerning the
thermoelectric power factor are really promising and assuring. It is worth noting that
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even though literature survey reveals that the thermoelectric power of such
compounds reflects to a great extent the thermoelectric figure of merit, it is still vital
to measure the in-plane thermal conductivity of the deposited thin films in order to
have much accurate optimization. Four layers of transparency masks have been
already designed, printed and employed in order to measure the thermal conductivity
of Bismuth Telluride thin films. Moreover, two layers of transparency masks have
already been designed, printed and used in order to investigate in the near future the
feasibility of studying the structural properties and micromachining of Bismuth
Telluride compounds which is vital prior to any fabrication process of a Bismuth
Telluride based thermocouple, which in turn can be integrated in a thermoelectric
generator or human body energy scavenger. Finally, it is worth declaring that the
available micromachining results are assuring as the release of several MEMS test
structures, e.g. cantilevers and bridges, has been successful.

Ahmed Kamal Said Abdel Aziz
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